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As the global temperature rises, a need exists for understanding the potential impacts of warming
on the wild blueberry industry in Maine. Warming can change the physiology, growth, and pest pressure
of crops, and also accelerates the evapotranspiration rate, resulting in decreased soil moisture. The
objectives of this study were: (1) To characterize the response of phenological, morphological, and
physiological traits of the wild blueberries to warming; (2) To quantify the impacts of different
temperature levels on yield and berry quality; (3) To determine the abiotic and biotic factors that may
influence yield, such as winter damages, freezing temperatures, the severity of weeds, insect pests and
diseases under warming environment as they all contribute to production.
Six genotypes of wild blueberries (Vaccinium angustifolium) were randomly selected from a
commercially managed two-year cropping cycle wild blueberry field in Jonesboro, Maine, USA to
simulate the global warming trend. A randomized block design was used consistently for this study in
2019 and 2020. For simulation, the open-top-chambers (OTCs) were with three treatment levels, namely
active-heating OTCs with the chambers and heating tapes, passive-heating OTCs with the chambers but
without heating tapes, and control sites without chambers and heating tapes. The results illustrated that
elevated temperatures affected the morphology, phenology, and physiological performance of wild

blueberries. Warming resulted in thinner leaves, lower leaf mass per area (LMA), lower stomatal density,
and longer stem length in wild blueberries. Additionally, warming lengthened the senescence of the
leaves; wild blueberries under warming treatments preserved chlorophyll concentration for a longer
period and accumulated higher anthocyanin concentration during the fall. In the following season,
vegetative growth, flowering, and fruiting of wild blueberries occurred earlier under the warming
treatments. Despite lower leaf water potentials and soil moisture at midday under the warming treatments,
wild blueberries showed higher stomatal conductance and transpiration rate. In the 2020 crop year, the
wild blueberries produced a larger number of berries under warming than that at ambient temperatures
(controls), where stems retained better fruit integrity with a larger berry cluster height per stem and
generated larger berries. There was no significant difference in berry soluble solids content, pH, and
acidity among different temperature treatments.
In summary, wild blueberries responded to a warmer growing environment through alternation in
morphology, physiology, and phenology. The responses of wild blueberries to warming include delayed
defoliation in the fall, reduced leaf thickness, changes in stomatal density, altered stomatal regulation,
earlier spring development, and increased fruit production. Based on the assumption about the
consistency of the warmer temperature, our results suggest that although warming reduced the amount of
water in the soil, it did not threaten the production of wild blueberries. Instead, reduced risk of frost
exposure, a longer growing season, and the synchronization of flowering and emergence of pollinators
may benefit berry production. The warming treatment also resulted in a lower incidence of leaf spot
diseases at the end of the crop year compared to the control. The mechanisms explaining the higher yield
of blueberries despite enhanced water deficits under warming need to be investigated further.
For wild blueberries growers, the results of this study can facilitate and improve the management
of farms impacted by global warming. Firstly, the extended growing season of wild blueberries means
that growers need to modify the schedule of pollinator management, fertilization, and pesticide
application to match the plant growth. For example, growers may need to rent beehives earlier for

advanced spring-flowering events and plan for an earlier harvesting season. Secondly, wild blueberries
altered their structure and physiological performance to cope with the moderate drought caused by
increased temperatures. Therefore, building additional irrigation systems that could further improve
production under climate change should be investigated.
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1. INTRODUCTION AND BACKGROUND
Global climate change brings challenges to natural plants and commercial crops. The global land
surface temperature has been increasing by 0.14°C per decade from 1880 to 2020 (NOAA, 2020). Based
on the trend of the past century and model predictions, the global average surface temperature will
increase by 1.7 to 4.8 °C by 2100 (Pachauri et al., 2014). Elevated temperatures will lengthen the growing
season and alter the winter processes, such as snowfall and soil frost (Janowiak et al., 2018). These
expected changes will have impacts on crop growth and yield, and the risk on yield will be higher after
2050 compared to the late 20th century (Pachauri et al., 2014). The local climate pattern also shifted
accordingly. For instance, the average annual temperature in Maine increased from 5.12°C in 1895 to
7.72 °C in 2020 (NOAA, 2020).
Plants respond to elevated temperatures morphologically, phenologically, physiologically, and
molecularly. The main effects of warming on plants include abnormal or delayed development, changes
in phenology and physiology, increased water loss, increased oxidative stress, which will consequently
influence crop yield and quality (Mirza Hasanuzzaman et al., 2013). The changes in plant structure and
function caused by higher temperatures could be direct temperature effects on physiological processes or
indirect alternation of developmental patterns (Wahid et al., 2007).
1.1 Warming Effects on the Vegetative Phase
Warming influences carbon assimilation and water relations of plants. On one hand, higher
temperatures can result in direct biochemical limitations in plants, mainly due to reduced Rubisco
activity, metabolism imbalance, and changes in stress-related proteins (Wahid et al., 2007). On the other
hand, high temperatures also cause indirect effects related to moisture content, mainly due to the high
ambient vapor-pressure deficit (VPD) and stomatal limitation (Smith et al, 2020; Wahid et al., 2007;
Mirza Hasanuzzaman et al., 2013; Urban et al., 2017). Both responses can in turn inhibit plant growth and
development, and eventually affect the quantity and quality of crop production.
Warming directly influences leaf photosynthesis. Photosynthesis is the main physiological
process driving plant growth. Changes in the global optimal temperature for net photosynthesis in leaves
1

are mainly explained by photosynthetic biochemical component processes (biochemical limitation) rather
than by stomatal or respiratory processes (Kumarathunge et al., 2019). Two hypotheses for the decline in
photosynthesis have been proposed. The first was based on a decrease in the activity of Rubisco as leaf
temperature increases, limiting photosynthetic rates. For example, reduced Rubisco activity in maize
grown at high temperatures was associated with significant inhibition of photosynthetic capacity
(Perdomo et al., 2017). The second was the reduction and imbalance in photosynthetic electron transport
rates at high temperatures and the production of ATP and NADPH (Dusenge et al., 2019; Kumarathunge
et al., 2019).
Warming also influences photosynthesis indirectly through its impact on plant water relations.
Warming affects plant water relations (Machado and Paulsen, 2001; Hatfield et al., 2011) through
increasing the evaporation rate of soils and the transpiration rate of crops, which increases soil water
depletion and escalates the potential risk of drought stress to plants. The water deficits can limit carbon
uptake, directly affecting plant growth and eventually leading to reduced economic gains (Hatfield et al.,
2011). High temperatures also indirectly affect stomatal conductance through changes in air VPD,
causing stomata to close (Urban et al., 2017). The stomata with high VPD sensitivity and leaf water
potential tend to reduce carbon assimilation under high temperatures (Turner and Begg, 1981). Drought,
high light, and warming together can lead to a drop-in photosynthetic rate (Chaves et al., 2012).
Stomatal conductance and evapotranspiration are usually positively correlated with the hydraulic
conductivity of the plant soil-leaf continuum, and the interaction between stomata and hydraulic
conductivity aids to regulate leaf water potential (Sperry, 2000). Although stomatal regulation tends to
avoid hydraulic failure, a significant decline in plant hydraulic conductivity can still occur due to
cavitation of xylem conduits when the water deficiency in soils becomes severe (Sperry, 2000).
Cavitation is the process that a xylem conduit becomes air-filled, and the integrity of the water columns is
interrupted (Tyree and Sperry, 1989; Cochard et al., 2013). It usually occurs when the plants undergo the
condition of water stress and winter freezing (Tyree and Sperry, 1989).
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Stomata play a very important role in preventing the leaf surface from reaching damaging
temperatures by controlling plant transpiration and its associated cooling effect (Damour et al., 2010). If
the leaf transpiration was restricted by the closure of stomata, the increased temperature of the canopy
would result in heat damage of the plant tissues (Lobell and Gourdji, 2012). However, limiting
transpiration rates through stomata closure could be beneficial for plants in terms of water conservation. It
not only increases water use efficiency while conserving soil water for maintaining plant activity during
future drought events (Sinclair et al., 2017) but also enhances replenishment of water in the foliage
(Damour et al., 2010; Chaves et al., 2012).
Reduced stomatal conductance can also result in a lower rate of photosynthesis. A study has
shown that higher air VPD caused by warming can lead to the closure of stomata to ensure water
availability, which decreases the photosynthetic rate (Lobell and Gourdji, 2012). In addition, when the
transpiration decreases during stomatal closure, the cooling effect also decreases, causing leaf temperature
to rise, especially under dry or high-light conditions. High leaf temperatures can reduce enzyme activities
and result in a strong reduction in the photosynthetic rate (Sinclair et al., 2017). This decrease in
photosynthetic rate may also be due to the excessive thermal dissipation of excitation energy in the
chloroplast (Chaves et al., 2012). However, in some species such as poplar (Populus deltoides x nigra)
and loblolly pine (Pinus taeda), the stomata can remain open at temperatures of 40°C or higher when the
photosynthetic rate is negative, indicating that the net photosynthetic rate is decoupled from stomatal
conductance (Urban et al., 2017).
Warming induces asynchronous growth of root and upper-ground vegetation. It has also been
suggested that the roots of wild blueberries may not experience winter dormancy in the same way as
upper-ground vegetation due to differences in soil and air temperatures and carbon availability (Hall,
1957). Sloan et al. (2016) studied woody species communities and found that the growth of leaf and root
was highly asynchronous, with most root production occurring late in the growing season. The roots
continued to grow in autumn, which means more nutrients were taken up by the plants.
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Climate warming also changes the development (phenology) of plants, and there are two opposite
aspects. One is the spring retardation induced by warmer winters, and the other is the phenological
advancement promoted by warming in the spring (Parmesan and Hanley, 2015). Plants enter the
vegetative stage earlier in general under warmer conditions, whereas their physiological processes of
vernalization and winter chilling have been interrupted (Bisbis et al., 2019). Yu et al. (2010) found that
plants on the Tibetan Plateau delayed sprouting in the spring due to local warming. The climate on the
Tibetan Plateau was characterized by a relatively short period of growing season and a long-term frost
period. The essential strategy for all plants was the timing to break the dormancy and resume growth. The
warming interrupted the process and made the plants unable to fulfill the chilling requirement, which
might be related to the delay in phenology. However, in many temperate regions, warming advanced the
springtime phenology. Menzel et al. (2006) illustrated that high temperatures were related to advanced
shooting, sprouting, and leaf unfolding. 78% of investigated plants in Europe sprouted, bloomed, and
fruited earlier, within which 30% had significant results. There were only 22% of investigated plants that
showed phenological retardation. The interactions between temperature and light can also directly lead to
changes in phenology and development, including early or delayed plant growth stages such as
germination, growth, reproduction, seed development, dormancy, etc., which is mainly related to
temperature-driven thermal perception and signaling (Mirza Hasanuzzaman et al., 2013; Bahuguna and
Jagadish, 2015).
Warming can also alter plant morphology. Global warming has shifted the pattern of diurnal
temperatures by raising the rate of minimum daily temperatures more than that of maximum daily
temperatures, decreasing the daily temperature range, and increasing the mean temperatures (Karl et al.,
1993). To be specific, cold days and nights have become less frequent over most land areas in the last 50
years, and the trend of asymmetric warming was expected to continue in 21 century (Solomon et al.,
2007). Plants adjust stem height, internode length, lateral branching, and a leaf or shoot orientation in
response to the change in the difference between day and night temperatures accordingly (Myster and
Moe., 1995). In addition, a decreased moisture availability due to warming could induce a smaller leaf
4

area, leading to a reduced area for light interception. It also reduces the elongation of the leaf and
increases the senescence rate of leaves, which are both irreversible (Turner and Begg, 1981).
It is noteworthy that Zandalinas et al. (2018) suggested that the combined effect of heat and
drought could not be evaluated separately because it brings much more harm to land plants than the sum
of the individual effects of heat and drought. For example, a study of temperature and drought effects in
wheat (Triticum aestivum L.) and sorghum (Sorghum bicolor L. Moench) has shown that when water
resources are sufficient, crops can maintain a stable level of water content regardless of the shift of
temperature. However, when drought occurs, high temperatures can deteriorate the environmental stresses
through accelerated depletion of soil moisture (Machado and Paulsen, 2001). Therefore, the combination
of these two stresses imposes distinctly negative impacts on plants.
1.2 Warming Effects on the Reproductive Phase
The reproductive stage of crops could also be profoundly impacted by warming. Temperature is
one of the most direct environmental factors determining the growth and yield of crops and vegetables
(Zhao et al., 2017; Bisbis et al., 2018). Different plant species respond differently to warming (Bisbis et
al., 2018), resulting in a wide variation in yield across crop and region (Anwar et al., 2015). For example,
moderate warming is more likely to reduce the yields of many temperate crops than those in the tropics
(Challinor et al., 2014). Additionally, under the increasing temperature fluctuations scenarios in the
future, there is a high degree of temporal variability (Kukal and Irmak, 2018). In summer, the upper
optimal temperature of cool-season crops may be exceeded, while in winter, rising temperatures transcend
the minimum temperature threshold of cool-season crops and enter their desirable temperature range.
Thus, for cool-season crops such as lettuce and broccoli, the temperature variability affects “when” crops
can be planted more than “where” they are planted (Marklein et al., 2020). In the Southeast, the harvest of
organic fruits and vegetables was limited due to extensive pest and disease pressure, which was associated
with the longer growing season caused by warmer and wetter environmental conditions (Scherm and
Krewer, 2008).
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Overall, warming has a negative impact on crop yield globally and locally. Between 1981 and
2002, warming offset the advantages of advanced technology, rising carbon dioxide, and other nonclimate factors that can increase yields (Lobell and Field, 2007). When the average temperature increases
by 1°C, global yield of major crops reduce by an average of 6.0% in wheat, by 3.2% in rice, by 7.4% in
maize, and by 3.1% in soybean (Zhao et al., 2017). Considering temperature sensitivity, maize is the most
temperature-affected, followed by soybean and sorghum (Kukal and Irmak, 2018). Previous studies have
shown that the expected trend of raising temperatures will reduce the productivity of five important
broadleaf crops, which are Mace wheat, Baudin barley, Merrit lupins, Drum canola, and Kaspa field peas.
The reduction is mainly related to the early phenological development of the crops, including a negative
correlation between flowering time and changing temperature that reduces the flowering period and
hastens crop development (Anwar et al., 2015). Based on modeling, it was estimated that for every 2°C
increase in local temperature in the future, there will be a significant loss in total production of wheat,
rice, and maize if they fail to adapt to climate change (Challinor et al., 2014). Approximately 1.5 % of
global production would decrease per decade, ranging from 0% to 4% (Pachauri et al., 2014). In addition,
the distribution of crops is becoming uncertain (Pachauri et al., 2014). For example, warming will expand
the potential distribution of temperate oilseeds, cereals, starch crops, and solid biofuels (Tuck et al.,
2006).
The reproductive stage of plants is sensitive to warming. Parmesan and Yohe (2003) conducted a
global meta-analysis, showing that spring phenological events shifted 2.3 days earlier per decade on
average, including the first date of flowering and sprouting. Higher temperatures usually speed up the
blooming process, which could lead to insufficient accumulation of nutrients before the reproductive
stage. The reproductive phase of flowering plants is sensitive to high or low temperatures, which can be
harmful or fatal (Zinn et al., 2010).
Warming may lead to a temporal mismatch between plants and pollinators and cause selection
pressure (Hegland et al., 2009). However, Bartomeus et al. (2011) showed that the phenology of 10
species of bees in northeastern North America was on average 10.4 ± 1.3 days earlier, coinciding with
6

rising global temperatures and plant flowering. Cane (2021) also indicated that nesting or foraging
activity of four wild honeybee species, which are Andrena fulva (Andrenidae), Halictus rubicundus
(Halictidae), Habropoda laboriosa and Eucera (Peponapis) pruinosa (Apidae), were about 4 to 6 weeks
earlier. It showed that the seasonal flexibility in bee emergence and wildflower flowering schedules
predicts that bees and flowering will usually remain synchronized. Thus, plant flowering and pollinator
first emergence dates appear to advance linearly with recent temperature increases, implying that the
temporal responses of plants and pollinators to climate warming may be parallel (Hegland et al., 2009).
The mutualistic interactions between plants and pollinators under global warming can be resilient and
flexible (Gérard et al., 2020). As global warming can disrupt and reduce the overlapping period between
plants and pollinators, the synchronization of mutualism may be crucial for the sexual reproduction of
plants and the survival of pollinators (Memmott et al., 2007; Hegland et al., 2009). For wild blueberries,
the early-flowering genotypes had more than 70% of the total yield than the late-flowering (Schut et al.,
2017).
The reproduction tissues are more vulnerable to combined stresses of heat and drought compared
to vegetative tissues. Thus, yields are also sensitive to the combined heat and drought stresses (Zandalinas
et al. 2018). Although the increasing overall rainfall in some regions can partly offset the negative impact
of warming, drought events caused by soil moisture deficits due to warming and increased rainfall
anomalies would adversely affect crop production (Hatfield et al., 2011).
1.3 Wild Blueberry Industry
Wild blueberries, or lowbush blueberries, are deciduous, woody, native perennials to North
America. They naturally grow on acidic soils (pH 4-5) and can tolerate the lower pH level of 2.5 (Paal et
al., 2011). The historical cultivation of wild blueberries can be traced back to the Native Americans, who
reclaimed and removed the primeval forest in the past centuries, systematically managing and farming the
wild blueberries (Darrow, 1962; Yarborough, 1996). Compared to highbush blueberries, the wild
blueberries are difficult to transplant and are not planted by seeds. Therefore, the farming land of wild
blueberries is developed and managed from the natural habitat in Maine (Hepler and Yarborough,1991).
7

Wild blueberries can be found on any soil type in the understory of forests but grow optimally in welldrained soils (Eaton, 1950; Yarborough, 1996). Wild blueberries are plants from the Vaccinium genus,
which also includes highbush blueberries (Vaccinium corymbosum L.) and rabbiteye blueberries (V.
virgatum Ait.) cultivated and grown in western, eastern, and southern North America (Bertelsen et al.,
1995; Brazelton and Strik, 2007). There are two common wild blueberry spices Vaccinium angustifolium
Aiton and Vaccinium myrtilloides Michx (Wood, 2004; Yarborough, 2012) commercially produced in
Maine, United States, and Maritime provinces in Canada (Yarborough, 1996). As a major supplier of wild
blueberries, Maine produced 99% of wild blueberries in the USA and 40% of all wild blueberries sold
around the globe (Bell et al., 2009). The annual average total production was 37,560 tons, which were
harvested from 20,160 acres in Maine between 2015 and 2019 (USDA, 2017; USDA, 2020).
A two-year crop scheme has been adopted for field management of wild blueberries, in which the
crop is produced and harvested in the field every second year (Hepler and Yarborough, 1991). The
aboveground vegetation is pruned by burning or mowing after harvest to create a “prune” year (year 1)
and a “crop” year (year 2). Burning is beneficial to disease, insect, and weed control whereas mowing can
enhance the accumulation of organic matter (Yarborough, 2012). The stems start to stretch out from the
rhizospheres after pruning in the first spring. By fall, the buds are formed, the color of leaves change and
defoliate for the preparation of dormancy. The buds sprout, which involves five stages from closed to prebloom, and leaves sprout again the following spring (Hildebrand and Braun, 1991). The period of
flowering can be predicted, which can be used to improve the pollination timing (White et al., 2012). In
general, flower buds of wild blueberries are formed giving the 11 to 13 hours photoperiods. Although
photoperiods are unrelated to temperature, the warming temperature can accelerate the flowering and
buds’ formation even more giving the same photoperiods (Hall and Ludwig,1961). After pollination, the
berries ripen from green to blue and are harvested between late July and early August by hand raking or
mechanically. Sometimes the harvesting might continue into September in some northern areas and
Canada (Darrow, 1962). After harvest, the majority of the Maine wild blueberry crop is frozen for retail
and ingredient sales around the world (Bertelsen et al., 1995). In 2020, the utilized production of wild
8

blueberries was 23,675 tons. The processed berries accounted for nearly 99% of the production (USDA,
2020).
The total production and the average yield per area of wild blueberries have skyrocketed in past
decades from the 1980s to 2015 due to the intensive management, increasing production area,
interplanting the high-yield genotypes, and improving cultural practice and the micorpropagated selection
(Hepler and Yarborough, 1991; Bertelsen et al., 1995; Brazelton and Strik, 2007; Yarborough, 2018).
Expansion of the farming area by burning over the forest is also the key for yield increase (Wood, 2004).
In 1980, the application of the herbicides terbacil and hexazinone reduced weed competition with wild
blueberry, which allowed production to double. Improved fertilization management, integrated pest
management, and increasing usage of bees for pollination have also contributed to increased yields,
making production triple over the past 20 years in Maine (Yarborough, 2004).
1.4 The Effects of Biotic and Abiotic Factors Related to Climate Change on Yield of Blueberries
The production of wild blueberries in Maine has been declining in the recent six years. The
annual bearing acreage, total production, and the yield per acre had decreased gradually between 2016
and 2020 (USDA, 2017; USDA, 2020). The reduction in yield could be related to climate change, which
has not been assessed. The yield or even survival of crops is threatened by winter freezing damages and
spring frost, which has become more frequent in recent years (Charrier et al., 2015). The incidence of new
invasive pests and diseases because of warming also has a negative impact on yield. While the wild
blueberry system is resilient to a changing environment because of high genetic variability within fields,
the wild blueberries in Maine are not immune to global warming (Bell et al., 2009).
Global warming lengthens the growing season in Maine, and results in potential heat stress in
summer, raising weed, insect, and disease pressure on wild blueberries (Drummond and Yarborough,
2012). In terms of diseases, the most common foliar diseases of blueberries include leaf spots, powdery
mildew, and leaf rust (Caruso and Ramsdell, 1995). Sphaerulina leaf spot and Gloeosporium leaf spot are
detected on highbush blueberries and rabbiteye cultivars, marked as the most common and prevalent
infectious foliar disease. The prevalence of Pestalotia leaf spot, Phyllosticta leaf spot, and leaf rust is
9

moderate. Sometimes a plant could have multiple fungal infections on its leaves (Scherm et al., 2008).
Another foliar disease, red leaf, also reduces fruit production by lowering the number of flowers per stem
by 42% and the number of berries by 74%, but generally have less prevalence in the field (Caruso and
Ramsdell, 1995; Hildebrand et al., 2000). Leaf senescence and defoliation caused by leaf spot disease
may limit carbohydrate accumulation, delay vegetative growth, and produce fewer buds, leading to yield
reduction in crop-year (Williamson and Miller, 2002; Roloff et al., 2004). Yarborough et al. (2016) also
found that increased levels of leaf spot disease and mummy berries in the crop year are correlated with
yield reduction. In addition, the disease might reduce photosynthesis by lowering the diffusion of CO2 in
the affected leaves, potentially causing yield loss (Roloff et al., 2004).
Apart from leaf spot disease, the fungal disease Monilinia blight (or so-called mummy berry),
caused by Monilinia vaccinii-cormbosi (Reade), was the most serious disease of wild blueberries if the
weather condition is favorable, which could lead to complete loss of yield (Lambert, 1990; Drummond et
al., 2008). Infected fruits formed hardened structures (pseudosclerotia) inside, which are of low quality
and cannot be used for marketing, resulting in economic loss (Scherm and Copes, 1999).
The most common pests in wild blueberries fields in Maine are blueberry tip midge
(Dasineuraoxycoccana), blueberry thrips complex (Frankliniella vaccinii Morgan, Catinathrips
vaccinophilus, and C. kainos O'Neill), blueberry maggot fly (Rhagoletes mendax), and grasshoppers
(Melanopus spp.), etc., which is directly or indirectly related to yield variation (Drummond and Groden,
2000; Drummond et al., 2008; Yarborough et al., 2016). Another leaf pest, the red-striped fireworm
(Aroga trialbamaculella Cham) did not cause economic yield losses to wild blueberries, but was a
nuisance pest that interferes with production (Drummond and Groden, 2000).
Frost damage is a major limiting factor for the yield of wild blueberry in Maine, as fruit set is
directly affected by injured flowers, and losses from weeds, insects, and diseases are also directly related
to yield reduction (Yarborough et al.,2016; Charrier et al 2015) defined frost risk as when a freezing event
meets the vulnerability (frost sensitivity) of plants. Namely, environmental temperatures and the cold
resistance of a plant determines the risk of cold damage to the plant. In general, plants are particularly
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vulnerable to cold damage in late winter and early spring, when they emerged from dormancy, and high
resistance might be prevalent in plants with delayed spring development or deeper dormancy (Kalberer et
al., 2006). Ma et al. (2019) showed that although warming favored earlier phenological events, it also
increased the risk of more freezing damages. Thus, the plants that are more sensitive to warming tend to
have an increased incidence and severity of freezing damages. In addition, de-hardening could be
detrimental to plants when a mild winter is followed by a warm early spring, which impedes the
development of the plants after the winter. Additionally, when warmer environmental conditions were
followed by a late-season frost, substantial damage might occur (Rapacz et al., 2017). Indeed, late frosts
that damage the flowers and young fruit of wild blueberries could result in a reduction in wild blueberry
fruit (Primack and Gallinat, 2016).
Spring de-hardening and late frost damage are two manifestations of blueberry cold hardiness,
which are related to midwinter cold hardiness, and these two conditions determine whether blueberries
are effectively winter hardened (Ehlenfeldt et al., 2006). Winter temperature conditions define the degree
of cold injury to the reproductive organs of the highbush blueberries, as the unfavorable ambient
temperature leads to poor fruit set, reduced fruit size, and lower yields (Pavlovski, 2010). Failure of cold
hardening means that the plant was at risk of experiencing winter damages. Winter damages were
generally observed on the tips of blueberry branches and greatly affects the number of flower buds, which
in turn affect yield (Bowen and Eaton, 1983).
Finally, weeds including a variety of woody and herbaceous species reduce the fruit quality and
yield of wild blueberries (McCulley et al., 1991; Yarborough, 2004). The weed flora of wild blueberry
fields is unique, consisting mainly of a wide range of native herbaceous and woody perennial species that
thrived under a two-year cropping cycle (Jensen and Yarborough, 2004). The most common and serious
weed is Bunchberry, which readily competes with blueberries and reduced the quality of berries due to
the presence of orange-red berries. The second most common weed is Colonial bentgrass (McCulley et
al., 1991).
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2. OBJECTIVES AND HYPOTHESES
The impacts of projected warming on the structure, physiology, pests, and production of the wild
blueberry system in Maine have not been studied. Three objectives of this study were: (1) To understand
the phenological, morphological, and physiological responses of the wild blueberries to experimental
warming; (2) To quantify the effects of warming on yield and berry quality; (3) To characterize the
abiotic and biotic factors that may influence yield, such as winter damages, freezing temperature, the
severity of weeds, insect pests, and diseases under warming environment.
Based on the background information explained above, three hypotheses are formed: (1)
Warming will extend the growing season and speed up the phenological processes, including leaf
sprouting, blooming, and flowering; (2) warming will cause morphological changes, and physiological
underperformance; (3) warming will decrease the yield and reduce the quality of wild blueberries; (4)
warming stimulates the growth of weeds and the incidence of insect pests and diseases but reduces the
exposure to winter and frost damage.
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3. MATERIALS AND METHODS
3.1 Experimental Design, Setup, and Sample Collection
The experiment was conducted at the Blueberry Hill Farm, in Jonesboro, Washington County,
Maine, USA, which is the University of Maine wild blueberry research farm, from May 2019 to
September 2020 (Figure 1). The average annual temperature was 6.2°C in 2019 and 7.8°C in 2020, while
the average annual precipitation was 1489.7 mm in 2019 and 991.1 mm in 2020 in Washington County,
Maine (NOAA, 2020). The soil was Colton gravelly sandy loam and the pH was 4.7 at the farm
(Venturini et al., 2018). The pruned field was selected in the first year for this two-year study.

Figure 1. The research site located in Jonesboro, ME (Resource: Google Maps).
A randomized block design with two factors was applied. In this experiment, two experimental
units were set. Six wild blueberries (V. angustifolium) genotypes were visibly selected based on their
distinct morphology in the field and were assigned to blocks. Within each block, the plants were
randomly assigned to treatments with three different levels of temperature as treatments. Three treatments
including active-heating open-top chamber (OTCs), passive-heating open-top chamber and control sites
(Figure 2), were randomly assigned within genotypes 1, 2, 3, and 5. Genotype 4 and genotype 6 had only
two levels of treatment due to the limited land area coverage of genotypes (Figure 3).
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The OTCs were constructed with LEXAN polycarbonate sheets (glass substitute) of the following
dimensions: 3 mm thickness with a 100 cm base, 70 cm top, and 55 cm sides cut at an angle of 60°. For
the active-heating OTC, a 12-m-long waterproof silicone heating tape with a 240 W power rating
(Briskheat, Columbus, OH, USA) was coiled around a hexagon of metal tubing and fixed inside the OTC
at a height of 15 cm (Sun et al., 2013). The WatchDog 1000 Series Micro Stations (Spectrum
Technologies Inc., Aurora, IL, USA) were installed in the center of OTCs and control sites to record the
temperature, relative humidity, and air vapor-pressure deficit (VPD air) of four active-heating OTCs, four
passive-heating OTCs and two control sites respectively every 30 minutes. The soil volumetric water
concentration was being recorded for five active-heating OTCs, four passive-heating OTCs, and six
control sites.

(a)
(a)

(b)
(b)

(c)

Figure 2. Three different levels of temperatures (a) Active-heating open-top chamber (AH), (b) Passiveheating open-top chamber (PH), and (c) control sites.
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Figure 3. The concept of experimental design for this research. The randomized block design of the study
arranged in six blocks with genotypes as blocks and temperature levels as treatments. The temperature
levels assigned to genotypes were “A”, “B”, and “C”, where “A” is active-heating OTC, “B” is passiveheating OTCs and “C” is control.

The variables in this study can be divided into the following categories: morphology, phenology,
physiology, and pests. The morphological measurements included stem length, number of leaves, leaf
thickness, stomata size, stomatal density, number of buds, leaf size, leaf area per stem, leaf mass per area
(LMA), wood density, stem diameter, and number of branches. The phenological monitoring included
shoot tip dieback, number of leaves, period of leaf out, blooming, flower stages, and fruit developmental
stages. The physiological measurements included leaf photosynthesis per leaf area (A), stomatal
conductance (Gs), photosynthetic rate per mass (Am), water use efficiency (WUE), transpiration (E), stem
hydraulic conductivity (Ks), leaf chlorophyll concentration, and leaf anthocyanin concentration. Pests
monitored included weed, disease, and insect pests. Six stems were randomly selected and subsampled
within OTC in both years for the measurements of stem length, number of leaves, number of buds,
blooming, flower stages, fruit developmental stages, leaf photosynthetic rate (A), stomatal conductance
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(Gs), water use efficiency (WUE), transpiration (E), leaf chlorophyll concentration, and leaf anthocyanin
concentration. All the measurements are explained in detail below.
3.2 Morphological and Phenological Data Collection in the Prune Year 2019
Six stems per chamber (or control) were selected randomly and monitored throughout the whole
growing season for growth and phenology. The stem height was determined weekly using a ruler from
June to the end of August. The number of leaves was counted weekly or bi-weekly from June to the
beginning of December. Hence, the leaf retention could be evaluated by calculating the total number of
leaves over seasons. The percentage of shoot tip dieback was estimated four times total by counting the
total population tip dieback within a 0.3×0.3-meter sampling quadrant every week in July. The leaf
thickness was measured weekly or bi-weekly using a Micrometer (Series 293, Mitutoyo, Kawasaki,
Kanagawa, Japan) from July to October. The data was taken as the average of the base, middle, and tip of
a mature leaf. The buds were formed in the fall of 2019, and the number of buds was counted on
September 30th, 2019 later in the season. Six leaf samples for stomatal size and stomatal density at each
site were collected at the end of August. For stomatal density and size, nail polish was painted on the
lower surface of the samples and was gently removed after drying. The stomatal size and density were
measured using the images taken under a microscope with 100× and 400× magnification, respectively. To
ensure that the data were representative, the pictures of six leaves collected from each OTC were
processed using the software ImageJ. The average stomata size of six leaves was calculated. The length of
stomata was measured at three different spots on each leaf. The stomata density was calculated by the
number of stomata over a certain leaf area. The average stomata density of each OTC or control was
determined for six leaves. Each leaf was measured in three different spots. Leaf mass per area (LMA) was
calculated by dividing total leaf dry mass by leaf area, while leaf area per stem was computed by
summing up total leaf area per stem. The dry mass of leaves was measured after desiccating completely in
the oven at 60°C for at least 72 hours.
The wood density was quantified by measuring the ratio of dry mass and volume of the main
stem without removing bark and pith. The segments of the stem were fully immersed underwater within
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the cylindrical weighting supplement and weighed. The volume was determined by the water replacement
method using an analytical balance (AS PLUS, RADWAG, Radom, Poland). The dry mass of stems was
also recorded after complete desiccation in the oven at 60°C for 72 hours. The dry mass of stems was
measured after desiccating completely in the oven at 60°C for at least 72 hours.
3.3 Physiological Measurements in the Prune Year 2019
The leaf chlorophyll concentration was measured weekly or bi-weekly from July to the beginning
of December using a SPAD 502 Plus Chlorophyll Meter (Minolta Corp., Osaka, Japan). Six leaves of
different stems, which were tagged with ribbon, were measured every time at each OTC. The average
chlorophyll concentration was calculated by taking the average of six leaves from each OTC. In total, 18
times of measurements were made during the year. The leaf anthocyanin concentration was determined
by an ACM-200plus Anthocyanin Content Meter (Opti-Sciences Inc., Hudson, NH, USA) from July to
December. The average anthocyanin concentration was calculated by taking the average of six leaves
from each OTC. Total 19 times of measurements were made during the year.
All the leaf gas exchange variables were recorded bi-hourly on August 25th and 27th between 7:00
a.m. and 7:00 p.m. at ambient temperature, relative humidity, and carbon dioxide (CO2) concentration
level using a LI-6800 portable photosynthesis system (Li-Cor, Lincoln, NE, USA) with a CO2 buffer.
Variables recorded were leaf photosynthetic rate (A), stomatal conductance (Gs), and transpiration rate
(E). The 2 cm2 leaf chamber was used with the LI-6800 portable photosynthesis system. Measurements
were performed under chamber conditions with a flow rate of 500 μmol s-1 and a fan speed of 10000 rpm.
The sunlit leaf samples, which were wide enough to cover the whole chamber, were randomly picked off
and then placed inside immediately for the measurement. The diurnal mean temperature was 19.7°C and
21.4°C, the mean relatively humanity was 62.7% and 70.3%, and the mean air vapor-pressure deficit was
0.23 KPa and 0.18 KPa on August 25th and 27th respectively during the measurement. CO2 assimilation
per stem was determined by the photosynthetic rate being multiplied by leaf area per stem. Leaf intrinsic
WUE, which was calculated as the ratio of photosynthesis and stomatal conductance (Hatfield and Dold,
2019), was used in this study (EQ.1).
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WUE= A/Gs

(1)

The leaf midday water potentials were measured with leaf samples collected from blueberry
stems between 12:00 and 12:30 p.m. on August 2nd, 3rd, and 30th. Two stems were excised from each
chamber and control site each time, sealed with bags, and stored inside a cooler. Following a twentyminute equilibrium period, the leaf water status was quantified in the laboratory using a Model 600D
pressure chamber (PMS Inc., Albany, OR, USA).
Six stems were collected after sunset for hydraulic conductivity measurement on October 1st, 15th,
18th, 26th, and November 6th. The water potentials of stems were close to 0 MPa during sampling to avoid
cutting under tension artifacts (Wheeler et al., 2013). To minimize crushing of the xylem, the whole stems
were excised using razor blades underwater and then stored in distilled water for around 2 hours. The
samples were transported to the laboratory and the hydraulic conductivity was measured with a hydraulic
measurement system. A pressure gradient was created by a flask (hydraulic pressure head) filled with
degassed potassium chloride (KCl) solution. The pressure head used was between 30 and 40 cm. The
concentration of the solution was 20 mmol KCl/L. The pressure head was tracked and recorded as the
level of solution declined. As the solution level changed, the pressure was adjusted based on the height
for calculation. A plastic hard tubing was connected between the flask and an analytical balance (AS
PLUS, RADWAG, Radom, Poland). Segments of the main stem, which were approximately 2-cm-long,
were cut underwater, wrapped with parafilm at the two ends, and connected with pipettes, valves, and a
short tubing at two ends. The flow rate was recorded with the balance. Stem length and xylem area were
also recorded. The hydraulic conductivity was computed subsequently as followed (EQ.2) (Zhang et al.
2013).
Ks (init)= Jv / (ΔP/ΔX)

(2)

The initial hydraulic conductivity (Ks (init)) (kg s-1 m-1 Mpa) was computed by dividing the flow
rate (Jv) and the pressure gradient across the stem segment (ΔP/ΔX), where ΔP is pressure gradient across
the stem length (kg s-1 m Mpa-1), while ΔX is the total area of xylem on the cross-sectional stem (m2).
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3.4 Pest Rating
The weed, disease, and insect pest pressures were also rated based on their prevalence. Weed,
disease and insect pest pressures were visually estimated and ranked from 0 to 5 within a 0.3×0.3-meter
sampling quadrant, where: 0 = not present, 1 = ≤20%, 2 = 20%-40%, 3 = 40%-60%, 4 = 60%-80%, 5 =
80%-100%. They were measured on June 27th, July 11st, July 28th, August 11st, August 24th, and
September 9th in 2019 and on June 14th, July 2nd, and August 11st in 2020. The weed observations were
divided into two categories, broadleaf weeds, and grassy weeds. The percentage of diseases was
determined on the remaining leaves of wild blueberries. Powdery mildew, leaf spot, and leaf rust were
pooled and treated as a single category of leaf spot (Collins and Drummond, 2018). The pest observations
were based on the symptoms shown on the leaves and were classified as blueberry tip midge and redstriped fireworm. The percentage of blueberry coverage, leaf loss, powdery mildew, Sphaerulina leaf
spot, and leaf rust, and Phomopsis twig blight were recorded on August 21st in 2019 and August 28th in
2020 respectively.

3.5 Data Collection in the Crop Year 2020
All data of morphology, phenology, physiology, disease, and pest ratings were collected in 2020 a
crop year. The number of leaves was counted on June 15th, 26th and July 9th,18th. The leaf thickness was
measured on June 9th, 15th, 26th, and July 2nd, 8th,18th. The leaf midday water potentials were measured
between 12:00 and 12:30 p.m. on June 16th, 26th, and August 16th. The leaf chlorophyll concentration and
leaf anthocyanin concentration were determined on June 1st, 8th,15th and July 2nd, 13th,22nd. The maximum
leaf gas exchange variables were recorded on July 15th and 16th between 11:00 a.m. and 1:00 p.m. The
stems were collected for hydraulic conductivity measurements on June 18th, 22nd, July 9th, and August
29th. In addition, the stem diameter, number of branches, total number of open flowers and pinheads,
flower stage, and fruit color were recorded.
Pressure–volume curves (P–V curve), the relationship between leaf water content and leaf water
potential, are commonly used for testing the response of leaves to gradually increased water deficits
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(Schulte and Hinckley, 1985; Lenz et al. 2006). The P-V curve measurement was conducted on June 23th,
July 8th, August 17th, 18th, and 21st. 16 stems were collected in each early morning from every chamber
and control site. The stem was cut in the base, sealed with double zip bags, stored inside a cooler, and
transported to the laboratory at the University of Maine for measurements. Saturated shoot samples
collected from the field were allowed to dehydrate on the bench in the laboratory. Leaf water potential
and leaf mass were measured repetitively over time. Then the samples were dried in an oven at 70°C for
at least 72 hours. The leaf water potential at turgor loss or bulk turgor loss point (πtlp or TLP units MPa)
was used for evaluating the capability of drought tolerance of plants (Bartlett et al., 2012). TLP was
obtained through P-V curve analysis. The P-V curve was constructed with the leaf water potential against
water volume (Tyree and Hammel, 1972; Bartlett et al., 2012).
Phenological observations on blueberries included leaves, flowers, and fruit. In each chamber, the
percentage of leaf unfolding was recorded in April, while the number of dead buds and the stage of flower
development were determined in June and July. The flower development stages were categorized
according to the "Wild Blueberry Phenological Development" (University of Maine Cooperative
Extension, 2020) and the numbers of open flowers, pinheads, and dead flowers were estimated separately.
Open flowers represent the flowers with petals opened for pollination, while pinheads represent the
flower with dropped petals but with intact calyx and stamen (University of Maine Cooperative Extension,
2020). In each chamber, the number of fruits was counted on six selected stems, with the color categories
being green, pink, and red for immature, and purple and blue for mature (Yang et al., 2012; Yang et al.,
2014).

3.5.1 Fruit sampling
In the fruiting season of mid-July to early August 2020, the berries were harvested within the
treatment and control sites separately once the rate of ripeness averaged 90%. Around 95 and 60 % of
mechanical harvest were applied on the wild blueberry field in Quebec province and Nova Scotia
province in Maritime (Moore, 1993). It is efficient but it could cause more fruit loss and damage than
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hand–picking. All the fruit were hand-picked to minimize the effects of mechanical harvesting on yield
because a study by Moore (1993) showed that mechanical harvesting causes more fruit loss and damage
than hand picking. The harvest process went through the intervals of 1 to 2 days, and all the berries were
stored in a 4°C refrigerator for measurements. On account of temperature gradients within the chambers,
the chambers were divided into three areas for sampling (Figure 4), within which a 0.3×0.3-meter
sampling quadrant was placed in the center representing area #1. Area #3 was the band that is five to six
centimeters away from the edge. Area #2 was the region between the sampling quadrant and area #3. In
order to mitigate the influence of the artificial shield, the berries in area # 3 were not used for
measurements and discarded after gaining the total fresh weight. Both berry quantity and quality were
measured. Quantity indicators were the total fresh weight of the treatment and control sites using area #2
and area #3, estimated production per unit area, berry cluster height, number of berries in area #1,
percentage of color, and unmarketable berries in area #1. Berry quality indicators were fruit size
(equatorial diameter), roundness index (RI), the percentage loss of water content, weight per berry, PH,
total soluble solids content (°Brix), and fungal presence (estimation of mummy berries) (Molina et al.,
2008; Matiacevich et al., 2013). All the qualitative data were collected within area #2. Active-heating
OTCs, passive-heating OTCs, and control sites were collected on July 19th, 21th and August 2nd.

Figure 4. The division of area #1, 2 and 3 for harvest within the chamber.
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3.5.2 Berry yield estimation from berries per stem
The estimation of yield was calculated by the berry production per stem multiplied by the number
of stems. Four stems were selected on each side of the hexagon in area #2 near the heating tape (Figure
4), and a total of 24 stems in each chamber were used for determining the number of berries, berry color,
berry cluster height, and berry weight per stem. The number of stems was added up within area #1. The
color of berries was classified as blue, purple (mature fruit), red, pink (intermediate fruit), and green
(young fruit) (Yang et al., 2012; Yang et al., 2014), and the percentage of colored berries were calculated
accordingly (Figure 5).

Figure 5. Blue, red, and green fruits indicate different stages of crop development.
3.5.3 Berry quality parameters
Sixty ripe blueberries were randomly selected in each chamber for the equatorial and polar
diameter measurement using the digital caliper with 0.1-millimeter resolution. The equatorial diameter
was taken to determine the berry size (Molina et al., 2008). The roundness index was calculated by
dividing the polar diameter with the equatorial diameter (Matiacevich et al., 2013). 100 gram of fruit
samples were weighed and dried in the oven at 70°C, and the dried mass of samples was measured. The
percentage loss of water content was expressed as in EQ.3. 900 samples of fruit were counted and
weighted to estimate the weight per berry.
Percentage loss of water content per berry = (fresh mass-dried mass/dried mass)×100
(3)
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One hundred grams of berries were ground using a portable blender for the measurement of total
soluble solids content. Eight replications of berry solution were measured using the portable Brix Acidity
Meter (Multi Fruits PAL-BX|ACID F5 Master Kit, ATAGO CO., LTD., Tokyo, Japan) with 0.1%
resolution. The meter was calibrated with distilled water before measurements. The diluted solution for
PH was prepared from one gram of berry juice and forty-nine grams of water. The drops of the wellmixed solution were made by manual agitation and placed on the sample slot of the Brix Acidity Meter
with 0.01% resolution for determination of acidity and the ratio of sugar and acidity. Fungal presence
percentage was determined by the number of mummy berries, which were observed within the randomly
selected 500 samples of berries.
3.6 Statistical Analysis
Statistical analyses were carried out using SPSS (version 25, IBM Corp., Armonk, NY, USA).
Two-way analysis of variance (ANOVA, α = 0.05 and α = 0.01) was performed to analyze the effect of
the temperature on four genotypes of blueberries (genotype 1, 2, 3, and 5), which had three levels of
treatment with the genotypes as the random and treatment (active-heating OTC, passive-heating OTCs,
and control) as the fixed factor.
The average of variables measured for each chamber or control was calculated using six subreplications within each chamber or control (n=72). Six stems were subsampled per chamber in 2019 and
2020 for the measurements of stem length, the number of buds, blooming, flower stages, fruit
developmental stages, leaf chlorophyll concentration, and leaf anthocyanin concentration. Six random
stems or leaves were excised and collected for midday leaf water potential, the number of leaves, leaf
thickness, leaf mass per area, stomatal size, stomatal density, leaf photosynthetic rate (A), stomatal
conductance (Gs), water use efficiency (WUE), transpiration (E), hydraulic conductivity, P-V curve traits.
The averages of chamber or controls were used to calculate the average for each treatment level (n=12). A
two-way ANOVA was performed for each date for long-term observation and the interaction effect
between genotype and temperature was tested using six replications of genotypes 1, 2, 3, and 5. If the P-
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value of measurements mentioned above were less than 0.05, the average of all six genotypes of each
treatment level was calculated and used for plotting graphs (genotypes 4 and 6) (n=16).
The posthoc analysis of means was done by Fisher's least significant difference (LSD) at the 95%
confidence. Using LSD can maintain a type I bar rate at the nominal level of significance if the number of
treatments is three (Meier, 2006). Linear regression was fitted to using four genotypes (genotypes 1, 2, 3,
and 5) to the relationships among the variables, including the maximum value of physiological variables
such as stomatal conductance (Gs max), photosynthetic rate (A max), water use efficacy (WUE max),
transpiration (E) in both years. A linear mixed model was performed on yield data which are potentially
influenced by the water content of berries. Variables that potentially influenced yield were the total
number of days with minimum temperatures below 0°C in spring 2020 (from April to June), winter
damages, leaf spot disease, and CO2 assimilation per stem. One-way ANOVA was performed for
temperatures, relative humidity, air VPD, and volumetric soil water content with unequal sample sizes.
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4. RESULTS
4.1 Environmental Conditions
From May to October 2019, the average temperatures were 18.42°C, 16.28°C, and 14.65°C in
AH, PH and CON respectively. The average relative humidity was 67.72%, 76.01%, and 77.84%. The
average air VPDs were 0.2 KPa, 0.15 KPa, and 0.14 KPa. The average volumetric soil water contents
were 7.69%, 9.93%, and 17.48%. From June to October 2019, the average soil temperatures were
21.38°C, 18.28°C, and 19.74°C (Table 1). From April to August 2020, the average temperatures were
17.06°C, 14.92°C, and 14.17°C in AH, PH and CON respectively. The average relative humidity was
59.9%, 68.23%, and 69.73%. The average air VPD were 0.25 KPa, 0.2 KPa, and 0.19 KPa. The average
volumetric soil water contents were 5.36%, 6.26%, and 7.79%. The average soil temperatures were
19.23°C, 17.26°C, and 19.03°C (Table 2).
Table 1. The average temperatures, relative humidity, air VPD, and volumetric soil water content from
May to October 2019. The average soil temperatures from June to October 2019.
2019

AH

PH

CON

Temperature (°C)

18.42 ± 1.83

16.28 ± 1.83

14.65 ± 1.95

Relative humidity (%)

67.72 ± 0.63

76.01 ± 1.15

77.84 ± 1.93

Air VPD (KPa)

0.2 ± 0

0.15 ± 0.01

0.14 ± 0.01

7.69 ± 0.56

9.93 ± 0.55

17.48 ± 0.89

21.38 ± 1.98

18.28 ± 1.89

19.74 ± 1.54

Volumetric soil water content (%)
Soil temperature (°C)
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Table 2. The average temperatures, relative humidity, air VPD, volumetric soil water content, and the
average soil temperatures from April to August 2020.
2020

AH

PH

CON

Temperature (°C)

17.06 ± 2.98

14.92 ± 2.97

14.17 ± 2.97

Relative humidity (%)

59.9 ± 4.36

68.23 ± 4.95

69.73 ± 6.16

Air VPD (KPa)

0.25 ± 0.03

0.2 ± 0.03

0.19 ± 0.04

5.36 ± 1.81

6.26 ± 1.48

7.79 ± 1.63

19.23 ± 2.7

17.26 ± 2.6

19.03 ± 2.57

Volumetric soil water content (%)
Soil temperature (°C)

Overall, the monthly average temperatures, relative humidity, air VPD, volumetric soil water
content, and the average soil temperatures in AH, PH and CON were shown in Figures 6.
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Month

Figure 6. The environmental conditions in 2019 and 2020. The monthly mean atmospheric temperature in
2019 (a) and 2020 (b), relative humidity in 2019 (c) and 2020 (d), vapor pressure deficit of air (VPD air)
in 2019 (e) and 2020 (f) for two control sites (CON), four passive-heating OTCs (PH), and four activeheating OTCs (AH). The volumetric water content in the soil in 2019 (g) and 2020 (h) for six CON, four
PH, and five AH. The soil temperature in 2019 (i) and 2020 (j) for one CON, one PH, and one AH.
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4.2 Morphology and Structure of Leaves and Stems
Warming had no significant effect on leaf thickness before late August in 2019 and before late
June in 2020 (Figure 7a and 7b) (Table 3 and 4). However, a statistically significant difference in average
leaf thickness was found among treatments after August 2019. The leaves in AH were 12% and 10%
thinner than those in CON and PH. No interaction between temperature and genotype was detected on
September 16th (259 DOY) (F (6,60) = 1.96, P = 0.86) and October 11th (284 DOY) (F (6,60) = 2.16, P =
0.58). There were significant main effects of temperatures (P < 0.05 on September 16th and P < 0.01 on
October 11th) and genotypes (P < 0.05 on September 16th and P = 0.045 on October 11th). In 2020, the leaf
thickness did not differ significantly among treatments except on July 2nd (184 DOY) without the main
effects of genotype (temperature P < 0.05). The average leaf thickness revealed that the leaves in AH
were 9% thinner than both PH and CON in 2019 (P < 0.01) (Figure 7c). The maximum leaf thickness was
detected before the harvest in CON sites (199 DOY) as 0.22 mm in 2020.
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Table 3. Two-way analysis of variance (ANOVA) effect results on leaf thickness in 2019 (n=72). The
degree of freedom in temperature and genotype were 6 respectively. The degree of freedom in interaction
effect was 60. NS, not significant (P > 0.05).
2019 Leaf Thickness

7/18

7/28

8/3

8/17

8/30

9/16

10/11

DOY

199

209

215

229

242

258

284

Temperature

NS

NS

NS

NS

P < 0.05

P < 0.05

P < 0.01

Genotype

NS

NS

NS

NS

NS

NS

P < 0.05

Interaction

P < 0.001

P < 0.05

P < 0.05

P < 0.01

P < 0.05

NS

NS

F=5.701

F=2.312

F=3.901

F=4.453

F=2.819

F=1.958

F=2.175

(Temperature

×Genotype)
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Table 4. Two-way analysis of variance (ANOVA) effect results on leaf thickness in 2020 (n=72). The
degree of freedom in temperature and genotype were 6 respectively. The degree of freedom in interaction
effect was 60. NS, not significant (P > 0.05).
2020 Leaf Thickness

6/9

6/15

6/26

7/2

7/8

7/18

DOY

161

167

178

184

190

200

Temperature

NS

NS

NS

P < 0.05

NS

P < 0.05

Genotype

NS

NS

NS

NS

NS

NS

Interaction (Temperature

NS

NS

P < 0.01

NS

P < 0.05

P < 0.05

F=1.255

F=1.803

F=3.538

F=1.433

F=2.609

F=2.508

×Genotype)

In 2019 and 2020, the stomatal density in AH was lower than that in PH and CON (Figure 7e).
The stomatal density did not differ between CON and PH. The stomatal size and average leaf size for
both years were not significantly different overall among the treatments. There was no significant
difference in leaf mass per area (LMA) among the treatments (Figure 7d). These values fell within the
range between 7719 and 8804 g.m−2. A significant difference in LMA was shown in 2020 the crop year,
and the value of CON was higher than that in AH and PH by 15% and 17% (P < 0.01). The matured mean
stem length peaked in mid-July with 17.1 cm in both AH and PH, which were both 2.1 cm higher than the
CON. The average stem length in CON was 2.1 cm and 2.3 cm shorter than that in AH and PH (Figure
7f).
The wood density was not significantly different among treatments for both years (Figure 8a).
Also, there was no significant difference in the number of branches, stem diameter, and stem density
(number of stems per square meter) in the crop year (Figure 8b, 8c, and 8d).
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Treatment

Figure 7. Dynamic change of leaf thickness in (a) 2019 from July to October and (b) 2020 from June to
July before harvest (c) Average leaf thickness, (d) leaf mass per area (LAM), and (e) Average stomatal
density in 2019 and 2020 (f) Stem length in 2019 for the control sites (CON), passive-heating OTCs (PH),
and active-heating OTCs (AH). Values are means ± SE (n = 16).
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Figure 8. (a) Wood density in 2019 and 2020. (b) The number of branches, (c) stem diameter, and (d)
number of stems per square meter in 2020 for the control sites (CON), passive-heating OTCs (PH), and
active-heating OTCs (AH). Values are means ± SE (n = 16).

4.3 Phenology of Leaves
The leaves of wild blueberries started to sprout near late May in 2019. The number of leaves
reached the maximum before August (21.33 in AH, 19.07 in PH, and 17.22 in CON before 215DOY)
(Figure 9a). The process of leaf abscission started in September, which was the end of the growing season
and the start of autumn. The number of leaves in PH and CON reduced to zero near the middle of
November that was shortly after the second snow (315 DOY to 316 DOY, November 11th to 12th). In
comparison, the average number of leaves in AH was maintained at 1.1 leaves per stem until December.
The number of leaves changed most rapidly over the period of one month between October and
November (DOY 284 to 290, October 11th to 17th) without an interaction effect and main effect of
genotype.
In 2020, the wild blueberries have more leaves in controls (Figure 9b). The significant differences
were observed before the middle of June (before 178 DOY) with no interaction between temperature and
genotype (Table 5). There was no main effect in genotype on June 1st (152 DOY) (temperature P < 0.05),
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but both main effects were significant on June 6th and June 15th (159 DOY and 166 DOY) (both P< 0.05 in
temperature and genotype). Between mid-June and mid-July, the average number of leaves in 2020 was
three times the number of that in 2019 (Table 6). CON was consistently low for both years (16.08 ± 0.36
leaves in 2019 and 50.9 ± 0.94 leaves in 2020). Leaf numbers in AH and PH were at a similar level in
2019 (19.77 ± 0.85 leaves in AH and 18.42 ± 0.54 leaves in PH), while PH was higher than AH by 10%
than that of the following year.

Table 5. Two-way analysis of variance (ANOVA) effect results on the number of leaves in 2020 (n=72).
The degree of freedom in temperature and genotype were 6 respectively. The degree of freedom in
interaction effect was 60. NS, not significant (P > 0.05).
2020 Number of leaves

6/1

6/8

6/15

6/26

7/9

7/18

DOY

153

160

167

178

191

200

P < 0.05

NS

P < 0.05

NS

NS

NS

Genotype

NS

NS

P < 0.05

NS

NS

NS

Interaction (Temperature

NS

NS

NS

NS

NS

NS

F=2.108

F=1.517

F=1.169

F=1.331

F=1.388

F=1.342

Temperature

×Genotype)
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Figure 9. The average number of leaves changed over the seasons in (a) 2019 from June to December
and (b) 2020 from June to July before harvest for the control sites (CON), passive-heating OTCs (PH),
and active-heating OTCs (AH). Values are means ± SE (n = 16).
Table 6. The average number of leaves between mid-June and mid-July in 2019 and 2020.
2019

2020

Active-heating OTCs (AH)

19.77 ± 0.85 *a

65.8 ± 0.95 *c

Passive-heating OTCs (PH)

18.42 ± 0.54 *a

73.08 ± 2.28 *d

Control sites (CON)

16.08 ± 0.36 *b

50.9 ± 0.94 *e

Values are means ± SE (n = 16). Values followed by the same letter do not differ significantly.
4.4 Carbon Assimilation and Water Status
For all treatments, the photosynthetic rate of wild blueberries reached between 10.51 (± 0.9) and
11.27 (±1.45) µmol m⁻² s⁻¹ at 7:00 in the morning and peaked between 9:00 and 11:00 (Figure 10a). After
the midday, there was a constant reduction over time. The levels of diurnal photosynthetic rate were
similar among the treatments, exhibiting no significant differences. However, the stomatal conductance
varied significantly between treatments without interaction and the main effect of genotype (Figure 10b).
The changes in the variability of stomatal conductance were distinct in AH, which was lower by 48% and
50% at 7:00 comparing to that in CON and PH (P < 0.05). Leaf stomatal conductance at AH was even
lower by 100% at 19:00 compared to that in CON and PH (P < 0.05). The values reached 0.36 (± 0.03)
mol m⁻² s⁻¹ in AH, surpassing that in CON and PH at 11:00 (P < 0.05). Notably, the maximum stomatal
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conductance was the highest in AH and that in CON was the lowest in 2019 (P < 0.05), while PH attained
the highest maximum stomatal conductance in 2020 and there was no difference between that in AH and
CON (P < 0.01) (Figure 10c).

Treatment

Figure 10. Diurnal photosynthetic rate and stomatal conductance. Diurnal variation of (a) photosynthetic
rate and (b) stomatal conductance in 2019. (c) Average of maximum stomatal conductance at 11:00 for
both years for the control sites (CON), passive-heating OTCs (PH), and active-heating OTCs (AH).
Values are means ± SE (n = 16). Values followed by the same letter do not differ significantly. Values are
means ± SE (n = 16).

There were significant differences in transpiration rate in the morning among treatments with no
interaction effects, and overall values were at peak performance at 13:00 (Figure 11a). While the
transpiration rate of AH was lower than that in PH and CON at 7:00 (temperature P < 0.05 and genotype
P < 0.05), it inversely exceeded the transpiration rate of PH and CON at 11:00 (temperature P < 0.05 and
genotype P < 0.01) and 13:00 (temperature P < 0.05 and genotype P = 0.26), which was related to the
trend of stomatal conductance.
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In both years, the variation trends of midday water potential were alike without an interaction
effect and main effect of genotype (Figure 11b). The overall level of midday water potential was lower in
2020 than that in 2019. Despite the insignificant difference between the PH and CON, the midday water
potential of AH was lowest at -1.24 and -1.89 MPa respectively in both years consistently (P < 0.05 in
2019 and P < 0.01 in 2020). The midday water potential of AH in 2020 decreased by 45% compared to
that of the previous year. The daily mean temperature, air VPD, and volumetric water content on the
measuring days were shown below (Table 7). In those three days, the average temperature and air VPD
were the highest in AH, while the volumetric water content was the lowest. The CON site had the lowest
average temperature and air VPD but the highest volumetric water content was the lowest instead.

Treatment

Figure 11. Diurnal transpiration rate, midday water potential, and water use efficiency. Diurnal variation
of (a) transpiration rate. Average of (b) midday water potential, (c) water use efficiency at 11:00 in 2019
and 2020. (d) Average water use efficiency at 13:00 in 2019 for the control sites (CON), passive-heating
OTCs (PH), and active-heating OTCs (AH). Values are means ± SE (n = 16). Values followed by the
same letter do not differ significantly.
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Table 7. Average temperature (C°), VPD air (KPa), and volumetric water content (%) on the observing
days of midday leaf water potentials in 2019 and 2020.
Temp

Temp

VPD air

VPD air

VWC

VWC

2019

2020

2019

2020

2019

2020

Active-heating OTCs (AH)

31.5

31.64

0.31

0.33

5.48

1.98

Passive-heating OTCs (PH)

31

30.36

0.29

0.31

7.22

3.31

27.9

26.6

0.27

0.28

12.86

4.23

Control sites (CON)

Despite the insignificant result of maximum water use efficiency (WUE) in 2019 (Figure 11c),
there was only a significant difference at 13:00 during the day when the WUE of CON was higher than
that in AH and PH without interaction effect (temperature P < 0.05 and genotype P < 0.05) (Figure 11d).
In 2020, however, the maximum WUE of PH was lower than AH and CON by 11% and 16% (P < 0.05)
(Figure 9c). The measurement of native hydraulic conductivity and percentage loss of hydraulic
conductivity detected no significant differences across the treatments for both years (Figure 12a to 12d).
There was no significant difference in the water potential at the turgor loss point among the treatments
(Figure 12e).
The two-year maximum data on stomatal conductivity and the linear relationship between
photosynthetic rate, water use efficacy, and transpiration displayed no significant linear relationship for
stomatal conductivity and photosynthesis rete. Yet, there was a positive linear relationship for maximum
water use efficacy and transpiration respectively, and the relationships were both had higher significant
levels in 2020 than in 2019 (Table 8).
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Figure 12. The percentage loss of hydraulic conductivity (a) in 2019 and (b) in 2020, the xylem specific
native hydraulic conductivity (c) in 2019 and (d) in 2020, and (e) the water potential at the turgor loss
point in 2020 for the control sites (CON), passive-heating OTCs (PH), and active-heating OTCs (AH).
Values are means ± SE (n = 16). Values followed by the same letter do not differ significantly.
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Table 8. The linear relationship of all treatments on the maximum value of physiological variables,
including stomatal conductance (Gs max), photosynthetic rate (Amax), water use efficacy (WUE max), and
transpiration (E) in both years.
Gs max 2019

Gs max 2020

NS

NS

WUE max 2019/ WUE max 2020

P < 0.05, R2 = 0.49

P < 0.001, R2 = 0.77

E max2019/ E max2020

P < 0.05, R2 = 0.35

P < 0.001, R2 = 0.86

Amax 2019/ Amax2020

Values are means ± SE (n=12). NS indicates that two variables do not differ significantly.
4.5 Chlorophyll Concentration and Anthocyanin Concentration
The chlorophyll concentration and anthocyanin concentration of leaves were not affected by
warming between July and September in 2019 (Figure 13a and 13b). The wild blueberry maintained a
relatively high level of chlorophyll concentration from the beginning of the growth stage to late
September. The largest chlorophyll concentration was attained in late July in AH at 35.22 µmol m-2 and in
CON at 35.93 µmol m-2 respectively, and in early August in PH at 34.94 µmol m-2. With the decline of
the number of leaves, the chlorophyll concentration decreased among the treatments over time. It was
reduced from 16.31 µmol m-2 in late October in AH to 1.41 µmol m-2 in December, which decreased by
91%. The attached leaves showed a higher level of chlorophyll concentration in AH than that in PH and
CON on November 9th (306 DOY) and 23rd (327 DOY) without interaction effect and the main effect of
genotype. When chlorophyll concentration in PH and CON hit zero in mid-November, the larger number
of leaves in AH still leaded to the chlorophyll level above zero overall.
In contrast, the anthocyanin concentration showed the opposite tendency. The anthocyanin
concentration was lower in AH compared to that in PH and CON at the end of June 2019 (178 DOY).
Afterward, all the treatments were kept at stabilized levels ranging between 3.49 µmol m-2 and 5.91 µmol
m-2 before early September. Lower anthocyanin concentration was detected in AH once again at the end
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of September (273 DOY). The anthocyanin concentration in AH and PH peaked in late October (299
DOY) at 31.87 µmol m-2 and 20.89 µmol m-2, while CON reached the maximum on mid- October at
19.73 µmol m-2. However, only AH reached its second-largest level in mid-November (321 DOY) at
30.99 µmol m-2. The anthocyanin concentration in PH and CON declined accordingly after the peaks and
hit zero by mid-November, whereas the anthocyanin concentration decreased after the second peak in AH
from 30.99 µmol m-2 to 4.63 µmol m-2 in December, which dropped by 85%.

Figure 13. Average of (a) leaf chlorophyll concentration and (b) anthocyanin concentration from June to
December 2019 for the control sites (CON), passive-heating OTCs (PH), and active-heating OTCs (AH).
Values are means ± SE (n = 16). Values followed by the same letter do not differ significantly.

4.6 Phenology of Flowers and Fruits
At the beginning of April, AH had already started vegetative growth and flowering almost
simultaneously (Table 9). By contrast, there were no signs of shooting for PH and CON. In early June
(153 DOY), all AH chambers had the lowest total number of open flowers or pinheads, while the CON
chambers had the highest number of open flowers and an increasing number of pinheads (Figure 14d and
e). The number of open flowers in PH fell within the range of AH and CON. The presence and absence of
berries were closely related to the total number of flowers. The presence and absence of berries in AH
displayed a reverse trend to that in CON (Figure 14a and c). Between mid-June (160 DOY) and mid-July
(200 DOY), the initial immature berries in AH were 98%, then it dropped to 45%, and the initial
nonbearing stems were 2%. There was no berry in CON at the beginning of June (153 DOY), where the
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nonbearing stems were 100%, and then it decreased to 0%. The immature berries reversely climbed from
0% up to 91% in late June (177 DOY).
Table 9. The average percentage of leaf out and bloom in April 2020.
Leaf out

Leaf out

Leaf out

Bloom

Bloom

Bloom

4/1

4/21

4/27

4/1

4/21

Active-heating OTCs (AH)

0

8 ± 1.22

17 ± 2

0

4±4

15 ± 6.32

Passive-heating OTCs (PH)

0

0

0

0

0

0

Control sites (CON)

0

0

0

0

0

0

4/27

Values are means ± SE (n = 16).
At the beginning of June (153 DOY), the berries in AH began to ripen, changing color from
green, pink, or red to blue. AH ripens earlier than PH and CON, and the difference is most pronounced in
early July (188 DOY) when the average fruit ripening rate is 80% for AH, half that for PH, and even less
for CON, which was at 16% (Figure 12f). In mid-July (200 DOY), the percentage of fruit ripening for PH
and AH have already reached comparable levels, both at approximately 90%, while the percentage of fruit
ripening for CON was around 71%.
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Figure 14. The percentage of presence or absence of mature, immature, and no berries per stem in 2020
for (a) active-heating OTCs (AH), (b) passive-heating OTCs (PH), and (c) control sites (CON). Total
number of (d) open flowers and (e) pinheads for the control sites (CON), passive-heating OTCs (PH), and
active-heating OTCs (AH). (f) Percentage of blue crop from early June to mid- July before harvest.
Values are means ± SE (n = 16).

4.7 Quality and Quantity of Yield
The yield in AH differed distinctly and significantly from that in PH and CON. AH showed the
highest values in four quantified variables: Total weight of berries, cluster height per stem, number of
berries per stem, and weight of berry per stem (Figure 15a to 15d). AH reached about 6967 grams in total
weight of berries, which was approximately 3 times and 5 times of amount in PH and CON (P < 0.01). A
similar trend was detected in cluster height per stem, the number of berries per stem, and weight of berry
per stem. The cluster height per stem of AH was 3.66 cm, which was 44% and 69% higher than that in
PH and CON (P < 0.01). The number of berries per stem of AH was 27.89, which were 1.8 times and 3
times larger than that in PH and CON (P < 0.01), while the weight of berry per stem of AH was 10.17
grams, which were 2.5 times and 3.9 times heavier than that in PH and CON (P < 0.01). Higher
temperatures induced a larger equatorial diameter (berry sizes) as the berry size in CON was 16% and
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12% smaller than that in AH and PH (8.98 cm in CON, P < 0.05) (Figure 13e). However, roundness index
(RI), the percentage loss of water content, the average weight per berry, PH, total soluble solids content
(°Brix), fungal presence, and damaged fruits were not significantly different across treatments (Table 10).
Further analysis of linear mixed model relationship on the percentage of loss water content per 100 grams
of blueberries between weight, berry equatorial size, °Brix and acidity fruit was conducted (Figure 16a to
16d). The treatments (temperatures) had a significant effect on total weight of berries (F=25.65, P < 0.01),
average weight of berry per stem (F=39.18, P < 0.01), average weight per berry (F=34.21, P < 0.01), and
berry equatorial size (F=29.63, P = 0.01), whereas the genotype did not have the main effect for these
variables.
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Treatment

Figure 15. Quantitative productive variables of (a) total weight of berries, (b) cluster height per stem,
(c)number of berry per stem, and (d) weight of berry per stem. The qualitative productive variable of (e)
equatorial diameter for the control sites (CON), passive-heating OTCs (PH), and active-heating OTCs
(AH). Values are means ± SE (n = 16). Values followed by the same letter do not differ significantly.
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Table 10. The Roundness index (RI), the percentage loss of water content, the average weight per berry,
PH, total soluble solids content (°Brix), acidity, fungal presence, and damaged fruits per stem among the
treatments. No significant results were found. Values are means ± SE (n = 16).
Active-heating

Passive-heating

OTCs (AH)

OTCs (PH)

Control sites
(CON)

RI

0.88 ± 0.014

0.87 ± 0.009

0.89 ± 0.0087

Percentage loss of water content

0.879 ± 0.002

0.873 ± 0.004

0.862 ± 0.004

Average weight per berry (g)

0.15 ± 0.006

0.13 ± 0.009

0.11 ± 0.009

°Brix

10.3 ± 0.194

10.95 ± 0.459

11.92 ± 0.548

Acidity (PH)

0.42 ± 0.053

0.46 ± 0.0236

2.72 ± 0.729

Fungal presence & Damaged fruits

0.40 ± 0.176

0.30 ± 0.096

0.52 ± 0.07
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Figure 16. The linear mixed model analysis of variables which potentially influenced by the water
content of berries (100g of berries), including (a) total weight of berries, (b) average weight of berries per
stem, (c) average weight per berry, and (d) berry equatorial size for the control sites (CON), passiveheating OTCs (PH), and active-heating OTCs (AH) (n=12).

4.8 Potential Factors Affecting Yield
The number of buds that formed did not differ significantly among the treatments in 2019. During
bloom, the number of frost events was recorded (< 0°C). There were 15 days in AH, 31 days in PH and
27 days in CON respectively between April and June (Table 11). In early June, the number of unopened
buds and dead flowers was similar for AH and PH, with a total of 6 and 2 unopened buds respectively and
12 and 13 dead flowers (Table 12). In contrast, the number of undeveloped buds in CON was nearly 3
times that of AH and 8 times that of PH, while the number of wilted flowers was around 5 times that of
experimental sites.
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Table 11. The total number of days below zero degrees Celsius in the early 2020 crop season.
April

May

June

Sum

Active-heating OTCs (AH)

13

2

0

15

Passive-heating OTCs (PH)

22

7

2

31

Control sites (CON)

21

4

2

27

Values are means ± SE (n = 16). Values followed by the same letter do not differ significantly.
Table 12. The total number of dead buds and dead flowers on June 8th in 2020.
Dead buds

Dead flowers

Active-heating OTCs (AH)

6

13

Passive-heating OTCs (PH)

2

12

Control sites (CON)

17

64

Values are means ± SE (n = 16). Values followed by the same letter do not differ significantly.
In 2019, no significant differences in tip midge and red-striped fireworm (Figure 17c to 17f) or
weed coverage were found among the treatments. In 2020, only the leaf spot disease was significantly
reduced at the end of the crop season at the average of 1.2 on August 24th (236 DOY) (rank from 0 to 5)
in AH, which were 44% and 56% lower than CON respectively (Figure 17b). The incidence of mummy
berries and the rate of fruit damage were not different for all treatments. The percentage of blueberry
coverage, leaf loss, Sphaerulina leaf spot, and leaf rust, powdery mildew, and Phomopsis twig blight did
not show significant differences among treatments (Figure 18a to 18e). However, it is noteworthy that a
negative linear correlation was detected between leaf spot disease and the number of leaves in September
(P < 0.01, R2 = 0.52) (Figure 18f). The total weight of blueberries was also analyzed using linear
regression with potential factors affecting harvest. Among the abiotic variables, production was
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negatively correlated with the number of days of freezing temperature and significantly positively
correlated with the CO2 assimilation in 2019 (Figure 19). It is worth noting that a negative linear
regression relationship between leaf number and leaf spot disease was found in September 2019 (P =
0.01, R2 = 0.51).

Figure 17. Average of incidence of leaf spot disease (a) in 2019 and (b) in 2020, tip midge (c) in 2019
and (d) in2020, and (e) red-striped fireworm in 2019 and (f) in 2020 ,ranking from 0 to 5 (0 = not present,
1 = ≤20%, 2 = 20%-40%, 3 = 40%-60%, 4 = 60%-80%, 5 = 80%-100%) of the control sites (CON),
passive-heating OTCs (PH), and active-heating OTCs (AH).
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Figure 18. The percentage of (a) blueberry coverage (b) leaf loss (c) Sphaerulina leaf spot and leaf rust
(d) powdery mildew, and (e) Phomopsis twig blight of the control sites (CON), passive-heating OTCs
(PH), and active-heating OTCs (AH) in 2019 and 2020. (f) The linear regression analysis on leaf spot
disease and number of leaves in September 2019 of the control sites (CON), passive-heating OTCs (PH),
and active-heating OTCs (AH) (n=12). The ranking leaf spot disease was 0 to 5 (0 = not present, 1 =
≤20%, 2 = 20%-40%, 3 = 40%-60%, 4 = 60%-80%, 5 = 80%-100%)
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Figure 19. The linear regression analysis on variables that potentially influence yield, including (a) CO2
assimilation per stem in 2019 and (b) winter damages (n=12).
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5. DISCUSSION AND CONCLUSIONS
The results of this study, based on two years (one crop cycle) of field data, revealed that
experimental warming of 2 to 4°C did alter the morphology, phenology, and physiology, of wild
blueberries, which in turn affected the overall yield and quality of berries in the crop year. The results
provided a comprehensive understanding of the potential effects that warming can have on different
organs including leaves, stems, flowers, and fruits, as well as different physiological processes including
leaf development, water use, photosynthesis, and flowering.
5.1 Delayed Autumn Events and Advanced Spring Events
This study found that, as the year progressed into autumn in 2019, the leaf senescence and drop
under the warming treatments was approximately a month later compared to that of controls (ambient
temperatures). In addition, with the delayed leaf drop under warming, the total chlorophyll and
anthocyanin concentrations were maintained at high levels over the winter months. In AH chambers, the
anthocyanin concentration remained above the level of 25 µmol m-2 from the end of October to the end of
November, which was the highest value observed in the entire experiment. Routray and Orsat (2014)
studied the highbush blueberries and found that the leaves began to turn red due to the accumulation of
anthocyanins and the loss of chlorophyll in autumn. In this study, the amount of anthocyanins increased
with leaf aging after the anthocyanin concentration reached its highest level in October and all, the leaves
dropped off.
In the following spring 2020, the wild blueberries treated with warmer temperatures also
exhibited an earlier leaf-out and vegetative development. In general, plant phenological events are
sensitive to the length of the certain temperature period (Keenan et al., 2020), and the sensitivity can be
expressed as a change in phenological timing per unit change in temperature. The plants with higher
phenological sensitivity have a greater advantage in inter-species competition (Zhang et al., 2015; Shen et
al., 2014). The shift in the timing of phenological events is one of the most obvious characteristics of wild
blueberries in this study. Earlier leaf-out and leaf growth suggested that wild blueberries under warming
may have a greater competitive advantage and a longer growing season than those in controls. However,
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it is notable that if temperatures tended to fluctuate substantially in spring, the plants may face an
increased risk of frost damage to their young shoots (Primack and Gallinat, 2016).
It was found that as the average anthocyanin concentration per leaf gradually increased, the
chlorophyll concentration gradually decreased, with the intersection point occurring around mid-October.
The chlorophyll concentration of the wild blueberries under the AH treatment declined slowly and
remained particularly in the range of about 20 to 10 µmol m-2 from late October to early December.
Previous research showed that the accumulation of anthocyanins played an essential role in antioxidants,
UV protectants, or protectors of visible light, and was closely related to the color-change of the foliage of
deciduous species in autumn, where the photosynthetic capacity of anthocyanin-accumulated leaves was
low (Close and Beadle, 2003). Anthocyanin accumulation is associated with leaf senescence in deciduous
plants. Anthocyanins can promote foliar nutrient resorption by protecting senescing leaves from excessive
light intensity during the late senescence phase (Hoch et al., 2003). The nutrient resorption mostly occurs
during periods of potential photosynthetic instability. Combined with other environmental stresses such as
low temperatures and severe photoinhibition, it may result in reduced resorption of nutrients in leaves.
The ability of plants to maintain photosynthetic activity and nutrient export is vital for resorption,
suggesting that there is a correlation between anthocyanin production and the increased vulnerability to
photoinhibition during leaf senescence as anthocyanin can play a part in photoprotection (Hoch et al.,
2001). In this study, the increase in anthocyanin accumulation might be related to the increase in
environmental stress, with wild blueberries under warming treatment exhibiting a slower rate of leaf
senescence than control sites. The anthocyanins may protect the wild blueberry leaves while nutrients
were reabsorbed. However, the assumption must be supported by further studies.
It is worth noting that this study found a negative linear regression relationship between leaf
number and leaf spot disease in September 2019. The treatments had a lower proportion of remaining
diseased leaf coverage within the sampling quadrant than that in controls. Previous studies showed that
leaf spot diseases such as leaf rust or Sphaerulina leaf spot infection were associated with the premature
defoliation of highbush blueberries (Scherm and Krewer, 2008; Scherm et al., 2008). In the present study,
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blueberries grown under ambient temperatures had higher incidences of leaf spot infection compared to
plants under warming treatments, indicating the defoliation may be related to disease infections , which
accelerate the process of defoliation. Therefore, the delay in autumn events might not only be related to
the plant response to changing temperatures, but also associated with the fewer leaf drop caused by leaf
spot disease.
5.2 Acclimation and Phenotypic Plasticity of Leaf and Stem Structure under Warming
It was found that the increase in temperature induced a significant reduction in leaf thickness in
wild blueberries. The trend remained consistent over the prune and crop year, with marked differences in
the late summer of 2019 and the end of harvesting season in 2020. Furthermore, the changes in leaf
thickness gradually progressed over time, rather than being determined when the leaf formed. Previous
research showed that changes in leaf thickness may be closely linked to the structural changes at the
cellular level within the leaf, which in turn affected the functions of energy absorption, photosynthesis,
and heat dissipation. Gorsuch et al. (2010) found that cold-treated leaves were thicker due to a greater
increase in palisade and spongy mesophyll thickness and the proliferation of mesophyll cell layers. On the
contrary, the thinning of plant leaves is a mechanism of acclimation to high temperatures, associated with
the thinning of epidermis, palisade, and spongy layers and a reduction in the size of palisade cells
(Gorsuch et al., 2010). Thinner leaves exhibit higher leaf thermal conductivity and higher energy
absorption potential (Chandra, 2004). Thinner leaves were also more susceptible to stresses if
environmental factors change (Chandra, 2004; Hartikainen et al., 2009). Warming accelerates the growth
period, resulting in earlier leaf maturation, which may limit leaf and mesophyll cell size. However, they
benefit from reduced investment in the metabolism of leaf tissues, leading to a higher thermal
conductivity, which increases the loss of energy transferred through the leaf surface (Chandra, 2004), thus
improving the heat dissipation of the leaf. This may be beneficial for maintaining a proper heat balance
and reducing the need for evaporative cooling at high temperatures (Xu et al., 2012). Therefore, warminginduced thinner leaves in wild blueberries may be linked with heat dissipation and energy absorption.
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In 2019, warming reduced the stomatal density on the lower epidermis of wild blueberry leaves.
The average stomatal size of leaves did not differ significantly among treatments. With similar leaf sizes
and stomatal sizes, lower stomatal densities may cause lower gas exchange efficiency. As stomata control
the uptake of CO2 by photosynthesis and the loss of water through transpiration, they play a key role in
plant productivity and water use efficiency (Lawson and Vialet-Chabrand, 2019). The stomatal size and
density of plants could acclimate to the varied growing environments. Although small stomatal size
couples with a high stomatal density would usually result in higher stomatal conductance (Bertolino et al.,
2019), they don’t necessarily have a certain relationship with each other. The individual change in
stomatal status can occur. For example, plants can reduce maximum stomatal conductance by reducing
stomatal density (Franks et al., 2015; Bertolino et al., 2019). A reduction in stomatal density also can
potentially limit stomatal conductance and transpiration, indicating a more conservative water utilization
strategy. Limiting photosynthesis and transpiration is advantageous when there was low water availability
(Bertolino et al., 2019), which was found in wild blueberries under the warming treatment. An additional
benefit of having the flexibility of stomatal density is related to energy costs. When environmental
conditions favor a lower maximum stomatal conductance, reducing stomatal density may also form a
cost-saving mechanism for metabolism (Franks and Beerling, 2009), minimizing the amount of energy
that passed through the plant through the excessive water-potential gradients (Franks and Beerling, 2009).
Moreover, Glass et al. (2005) found that irrigated wild blueberries had higher leaf stomatal density
compared to non-irrigated ones. This present study indicated that wild blueberries under warming
performed similarly to those at ambient temperature with no significant differences in photosynthetic
rates in 2019 and 2020. In addition, this study also found that wild blueberries treated at higher
temperatures showed a lower level of stomatal conductance and transpiration in the morning and evening
periods. The detailed relationship among stomatal conductance, transpiration, and WUE will be discussed
later.
Also, LMA was lower in plants under higher temperatures during the 2020 fruiting season.
Previous research found that climate did affect leaf investment, with more investment in per unit leaf area
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for constructing high LMA leaves under dry conditions (Wright et al., 2004). High LMA is associated
with a higher investment in the thickness of mesophyll, which directly enhances the photosynthetic
capacity per leaf area (Edwards et al., 2014), but decreases photosynthetic capacity per leaf mass (Wright
et al., 2004; Wright et al., 2005). Villar et al. (2013) studied 26 woody species and found that LMA could
be explained by variation in leaf thickness or density, both of which are equally important in explaining
variations in LMA, and both of which are positively correlated with LMA. However, Xu et al. (2012)
argued that leaf structural properties can only have a very limited effect on changes in LMA and
photosynthesis. For example, changes in leaf LMA in Eucalyptus saligna are mainly explained by
changes in a total concentration of non-structural carbohydrates (TNC) in response to environmental
factors such as warming and carbon monoxide concentrations, which roughly explain 80% of the
variation LMA, rather than leaf thickness.
This study supports the previous research that lower LMA, together with reduced leaf thickness,
may favor the increased cooling of leaves during periods of warming (Wu et al., 2020). However, it is
noteworthy that changes in LMA may not necessarily be related to leaf structure. Sastry and Barua (2017)
studied tropical trees and found a positive relationship between LMA and heat tolerance, implying that
species with higher LMA have a higher level of thermotolerance. Owing to higher structural investment
and integrity, higher LMA may be the reason for greater thermotolerance to temperature. The reduced
LMA may also have decreased the temperature tolerance range of wild blueberries, increasing the risk of
survival in a fluctuating environment. The relationship between LMA and the leaf structure of wild
blueberries needs to be supported by further leaf anatomy research.
The processes of sprout and stem tip dieback in wild blueberries were not accelerated by the rise
in temperature. Although the higher temperature did not accelerate the rate of tip dieback, it did contribute
to the degree of branch elongation. The warming resulted in taller stems (around 2 cm or 0.79 inches
taller), which agrees with a previous study (Hall et al., 1964). They found that higher temperatures
increased the length of branch growth, with a difference of 3.8 inches in length between the warming
group and the control group of lowbush blueberries. However, this study showed that warming did not
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affect the stem density (number of stems per area), which did not support the previous studies that
temperature positively affects the stem density of wild blueberries (Hall et al., 1964). In addition, this
study illustrated that warming did not change leaf area per stem, wood density, the number of branches, or
stem diameter in the wild blueberries.
5.3 Photosynthesis, Stomatal Regulation and Water Utilization under Warmer Environment
The observed pattern of diurnal photosynthesis was not consistent with the previous study, with
peaks in the morning followed by midday depressions. Here, the maximum photosynthetic rate of wild
blueberries occurred around 9:00 to 11:00 and showed a gradual decrease thereafter. Hall et al. (1966)
studied wild blueberries in the greenhouse and found that the highest photosynthetic rate occurred in the
early morning, whereas photosynthetic rates were lowest at midday and then bounced back in the late
afternoon. However, this study displayed that pattern of photosynthesis of wild blueberries in fields
started to increase in the morning, then with the maximum occurring approximately at midday. It can be
related to the stomatal regulation and water use of the plants in different environments.
The diurnal photosynthetic rate of wild blueberries did not show any significant differences
among different treatments. There was no significant difference in maximum CO2 assimilation in both
years. This finding was inconsistent with previous studies. For example, Forsyth and Hall (1965)
examined the photosynthetic response of wild blueberries to temperature in the laboratory and found that
the photosynthetic rate increased as the temperature increased from 13°C to 25°C. Notably, this study
illustrated that higher temperatures induce fluctuations in stomatal conductance substantially, which was
lower by sunrise and sunset, but was higher in the midday compared to the control.
Data from this two-year study also indicated that the reduction in maximum transpiration of wild
blueberry leaves coincides with lower maximum stomatal conductance. A positive linear regression
relationship was found between maximum stomatal conductance and maximum transpiration, while a
negative linear regression relationship between maximum stomatal conductance and maximum WUE was
found, illustrating that the closure of stomata leads to a reduction in leaf transpiration but an increase in
WUE levels. At the leaf level, stomata are essential in regulating gas fluxes both inside and outside the
56

leaf for meeting the CO2 demand of the mesophyll, maintaining proper leaf temperature, and protecting
the overall water status of the plants in vivo. Improving stomatal responsiveness to dynamic
environmental variation can dramatically enhance photosynthesis and intrinsic water use efficiency,
promoting the productivity of the plants (Lawson and Vialet-Chabrand, 2019). Meanwhile, higher
stomatal conductance and transpiration lower down leaf temperature (Sastry and Barua, 2017). A higher
stomatal conductance and transpiration in response to greater evaporative demand results in a decrease in
WUE (Wu et al., 2020). In the present study, combining the midday temperatures measured on the same
day, it was shown that the average temperature in AH between 11:00 and 14:00 was higher than that in
the PH chambers and control sites, respectively. The air temperature was 31°C in AH, 30°C in PH and
27°C in control sites, while the average leaf temperature at 11:00 was 27°C across treatments and control
sites (data not shown). This observation suggested that wild blueberries at higher temperatures may
maintain the optimal leaf temperatures by regulating the stomatal conductance and transpiration rate for
heat dissipation at the expense of more water loss. The maximum photosynthetic rates were still shown to
be independent of stomatal conductance and WUE among the treatments, suggesting that the stomatal
conductance may not be the limiting factor on photosynthesis for studied blueberry plants.
In addition, this study found that higher temperatures resulted in lower midday water potential on
wild blueberries in both years. In 2019, the midday water potential of wild blueberries treated with higher
temperatures (PH and AH chambers) fell between approximately -1 and -1.2 MPa, while the water
potential levels in the following year were even lower, falling between approximately -1.6 and -1.9 MPa.
It indicated that leaves of blueberries under higher temperatures were subjected to higher water deficits at
midday, which may be resulted from higher stomatal conductance and transpiration. Higher stem
hydraulic conductivity can maintain a higher level of midday stem water potential and stomatal
conductance in subtropical trees (Zhang et al., 2013). However, no significant difference in the stem
hydraulic conductivity of wild blueberry was found in this study. Since the stem hydraulic conductivity
did not change under warming, wild blueberries might maintain a higher stomatal conductivity at the
expense of a lower midday water potential. The water potential of wild blueberries subjected to drought
57

treatment fell between -2.5 and -2.0 MPa, with the lowest water potential being -3.5 MPa (Glass et al.
2003). Here, the midday water potentials of wild blueberries were -1.6 and -1.9 MPa, which were close to
the level of water stress. It is worth noting that the lower level of midday water potential in 2020 may be
related to lower average volumetric water content compared to that in 2019.
This study partially supported the previous studies on the drought response of wild blueberries. A
previous study of highbush blueberries showed that blueberries resist water stress by lowering stomatal
conductance, reducing photosynthetic rates and transpiration, and increasing WUE (Erb et al., 1991).
Moderate water deficit stresses the plants and considerably reduced its leaf conductance of water and
closed its stomata to conserve water usage, resulting in a decrease in transpiration and photosynthetic rate
(Erb et al., 1991). Glass et al. (2003) found that wild blueberries respond to declining soil moisture by
reducing photosynthetic rate and transpiration. Here, the stomatal conductance and transpiration rate of
wild blueberries increased rather than decreased when the air VPD was the highest and soil moisture was
the lowest. The photosynthetic rate was not affected, and the WUE decreased, indicating that the wild
blueberries did not close their stomata to retain water in vivo. On the other hand, it might be that the
reduction in midday water potential was not sufficient to cause the stress on wild blueberry, however, the
sudden drop in stomatal conductance and transpiration in the evening might be a sign of the water stress
imposing on plants. As WUE and hydraulic conductivity did not vary a lot, the limited water supply from
the soil might be the key to plant water retention. Wild blueberries in higher temperatures closed their
stomata early in the evening to conserve limited water and avoid possible embolism. Afterward, the wild
blueberries were rehydrated at night and the potential water stress they experienced during the daytime
was relieved. The extension and connection of the rhizome of wild blueberries might also facilitate water
replenishment of the genotype. Therefore, because blueberries of the same genotype are linked to each
other by rhizome, they can supply and refill water from one side when the other side was deprived of
water, but this inference needs to be confirmed by further experiments.
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5.4 Phenology of Flowering and Fruit Set
During the 2020 fruiting season, sprouting and flowering started earlier at higher temperatures.
When the wild blueberries in AH chambers showed leaf out and flowering around mid-April, none of the
leaves or flowers were observed in other chambers. This finding supported the previous research that the
phenological stage and growth of plants in areas with relatively high latitudes were sensitive to warming
(De Beurs and Henebry, 2005; Zhao et al., 2015; Shen et al., 2014; Prevéy et al, 2017). Due to the short
period of growing season and stress, they started growing and flowering once the temperature reached the
optimal range, leading to advanced flowering events (Prevéy et al, 2017).
Additionally, this study found that the higher temperature advanced the fruit set in wild
blueberries by approximately two weeks to almost a month, and the fruit ripened earlier as well. The early
fruit events observed in this study were also consistent with a previous study of wild blueberries showing
temperature had a significant effect on the number of days for the ripening process, with fruits under
warming conditions ripening earlier than those in the cooler environment Hall and Aalders (1968). The
threshold temperature of development for five highbush blueberry cultivars was very similar, falling
between 7 and 8°C (Kirk and Isaacs, 2012). Thus, the phenological events of flowering could be predicted
by this threshold of air temperature. The early flowering of wild blueberries might be related to the air
temperature, and flowers began to bloom when the appropriate temperature was reached. Moreover, the
length of the reproductive period was not affected by warming treatments. Here, the wild blueberries took
about five to six weeks from bloom to 90% fruit ripening for both higher temperature treatment and
control (data not shown), so the high temperature did not accelerate fruit formation and ripening or
shorten the duration.
5.5 Yield and Blueberry Quality
The blueberries under higher temperatures not only showed a higher total yield, but also larger
berry size, a greater number of fruits per stem, more weight and larger cluster height per stem. However,
there was no significant difference in a percentage loss of water content, the average weight per berry,
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pH, total soluble solids content (°Brix), fungal presence, and damaged fruits among different treatments.
The roundness of berries was not affected either.
This study found a negative linear relationship between wild blueberry yield and the number of
days with freezing temperatures in spring. There was also a negative linear relationship between yield and
winter damages. It could be inferred that the increase in temperature might be associated with a reduction
in frost damage in spring, which was a key factor in the reduction of wild blueberry yield. Low
temperatures can limit bud germination, delay fruit growth and ripening (Hall et al., 1964), and negatively
affect bud break and fruit set. A frost event occurred during the anthesis, pre-opening stage before
flowering can cause large damages. A temperature of -3°C caused deterioration of the stigma and style,
and the damaged closed buds on wild blueberries (Randall and Eaton, 2001). Although the damaged buds
could still bloom, they could not be pollinated, because the reproductive tissues of the Gynoecial were
injured. Therefore, damage to tissues during pollination can prevent normal pollination and fruit set
(Randall and Eaton, 2001). Frost damage can also inhibit the flower opening by low temperatures on wild
blueberries. The peak period of bloom is particularly sensitive to the freezing period, which directly and
severely impairs yield. At -2.5°C, the fruit set drops by more than 40% regardless of flowering time and
duration of exposure, while flowers exposed to a temperature below -3.5°C did not form berries during
the period of a tender leaf (Hicklenton et al., 2000). When frost events occurred in the early stages of fruit
development, a curvilinear decrease in the percentage of fruit set was observed from 0°C to -8°C (Havard
et al., 2003). The data in this study also indirectly supported the observations. Most of the freezing events
occurred between 22:00 and 6:00, which were radiative frosts and occurred mainly after sunset when
long-wave infrared radiation dissipated and the heat balance was negative (Charrier et al, 2015). The
number of damaged flowers of wild blueberries under warming treatments was much lower than that at
ambient temperatures, with 3 to 8 times lower in the number of dead buds and 5 times lower in the
number of dead flowers than that at ambient temperatures. This study also found that during spring when
the temperature of threshold increased, the number of days with freezing temperature in AH treatment
was about 50 % lower than that in PH and CON from April to June, which was the period of leaf
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emergence and flower formation. Therefore, higher temperatures exceedingly reduced the rate of death or
loss of blueberry buds and flowers, resulting in a higher production. This observation could also be
inferred from data of cluster aggregation, where the height of fruit clusters was higher at higher
temperatures, indicating higher integrity of fruit preservation.
There is an important caveat to our findings. The number of freezing days in PH was the same as
in control sites, but there was a distinguishable difference in the total number of dead buds and dead
flowers between them. It suggested that the effect driving mortality may be the installation of the chamber
wall, which created an artificial windbreak. In general, a windbreak is a barrier placed on the surface of
the land which impedes the flow of wind and reduces wind speed. They usually consist of trees and
shrubs (Brandle et al., 2004). It can increase soil and air temperatures, improve plant water use, and
extend the growing season in sheltered areas, resulting in faster crop development and earlier crop
maturity, enhancing crop yields by 5% to 50% (Hodges and Brandle, 1996). Moreover, windbreak
provides protection against convective frosts (Brandle et al., 2004) and reduces the severity of winter
damages to wild blueberry flower buds, increasing the number of berries per stem and subsequently the
yield of wild blueberries (Percival et al., 2002).
Seymour et al. (2004) argued that the majority of wild blueberry fruits fell in the range of 6 to
9mm (0.2 to 0.3 in) in equatorial diameter. In this study, it was found that wild blueberries at ambient
temperature agreed with the previous finding, with an average equatorial diameter of 8.98 mm. However,
the average equatorial diameter of wild blueberries under warming treatments fell in the range of 10.18 to
9 mm (0.3 to 0.3 in). In addition, wild blueberries were not only larger but also heavier at higher
temperatures. This result supported the previous research indicating that temperature affects the fruit size
of wild blueberries (Hall et al., 1964). This might also be related to factors such as a less chilling
environment and a potentially longer cropping season. Previous studies of highbush blueberries showed
that yield was positively correlated with ripening and picking time; however, there was a significantly
negative correlation between ripening/ picking time and average air temperature during the vegetative
growth period in the crop year (Šterne et al, 2011). The symptoms of frost damage on flowers were also
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shown in the development of fruit, with some injured fruits developing and ripening, but most were small
and seedless (Lin and Pliszka, 2001). Therefore, wild blueberries at ambient temperature may be more
frequently threatened by frost damage during fruit development, which affects fruit size, whereas fruits
that form at higher temperatures are less disturbed by low temperatures and can be successfully developed
and ripened. In addition, Hall and Forsyth (1967) found that the greatest size and weight gain of wild
blueberries occurred in the three to four weeks prior to harvest, and the longer the fruit remained on the
plants, the lower their respiration rate, which was favorable for the production of berries using for fruit
trade or processing. In the present study, although the duration of fruit set and ripening at higher
temperatures remained unchanged, the early spring event lengthened the growing season for blueberries,
which, with deliberate management of harvest time, could indirectly increase their developmental
duration on the branches, potentially benefiting fruit weight and size accumulation.
In the present study, it was also found that the total weight of berries, average berry weight per
stem, average weight per berry, and berry equatorial size were correlated with the percentage of water
content of berries. Thus, the fruit weight and quality were related to water content. Previous studies
showed that the yield of wild blueberries harvested in irrigated fields was 43% higher than those in rainfed fields, with no significant difference in the fruit size (Seymour et al., 2004). Glass et al. (2005) also
found that in response to irrigation, the number of fruits was 50% higher in the 2-year planting
blueberries. In contrast, under dry conditions, the fruits were of better quality showing higher soluble
solids content than that under irrigation (Glass et al., 2005). Hence, irrigation potentially attained an
increase in yield by increasing the number of berries, yet at the expense of fruit quality.
The positive linear regression of fruit weight and water content supported the conclusions of
previous studies, which revealed that the increased water content of wild blueberries may increase the
weight of the fruit. The harvested data in this study showed no significant difference in fruit quality
between higher and ambient temperatures. Contrary to expectations, the fruit size at higher temperatures
increased rather than decreased. The higher temperature treated soils had lower soil moisture than
ambient temperatures, making the blueberries relatively poorly supplied with water in the fruiting season.
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However, yields either did not seem to be affected by the water deficits, nor did the soil moisture levels
reach the point that threaten the production of wild blueberries.
The results showed that warming treatments did not affect the incidence of fruit damage, weeds,
pests, but warming reduced the leaf spot disease, Sphaerulina leaf spot disease, and powdery mildew
under warming. The decrease in overall leaf spot disease, Sphaerulina leaf spot disease, and powdery
mildew may be due to the decrease in atmospheric humidity under warming treatments. The survival,
reproduction, and spread of pathogens are greatly influenced by atmospheric temperature and humidity
(Velásquez et al., 2018). High humidity in the atmosphere can greatly enhance the virulence of the
disease and promote its infection in plant tissues (Velásquez et al., 2018). In wild blueberries systems,
pathogen infection is also greatly dependent on relative humidity (Hildebrand and Braun, 1991; Delbridge
and Hildebrand, 1995; Annis et al., 2013). In this study, the warming-induced water loss was associated
with relative humidity in chambers. The decrease in relative humidity due to warming has likely
suppressed leaf spot pathogen infection in wild blueberries.
There was a tendency for leaf spot disease to develop more severely during the end of the
growing season in 2019 and post-fruiting seasons in 2020. It spread slowly so that infection didn’t
become a critical issue until the fruit had been harvested. Thus, during the fruit harvesting, yields were
not adversely affected by leaf spot disease.
Since pest management is an important determinant, of the yield of wild blueberries (Yarborough,
2004) changes in pest pressure have the potential to affect growth and yield (Yarborough et al., 2016).
Higher temperatures can increase the rate of development of insect pests and reduce the time required for
reproduction (Rosenzweig et al., 2001), which leads to an increased insect pest pressure. However, in this
study, the results showed that high temperatures have not affected pest prevalence. Almost all insect pests
in wild blueberries systems, with the exception of spotted wing drosophila, are native insect pests.
Therefore, it may be that these native insect pests are adapted to the lower air temperatures for thousands
of years in Maine (Drummond et al., 2009), and their rate of development may not increase with a
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warmer climate. However, in this study, the chambers may have prevented insect movement, which needs
to be considered when interpreting the data.
The chambers may also have blocked weed seed dispersal, affecting the pattern of warming
effects on weeds, although the chamber would not have affected the density of the existing seeds at the
beginning of the experiment. In addition, because most weeds in wild blueberry production systems are
perennials, which require a long time to grow. Thus, further long-term studies are needed to investigate
their propagation and competition with wild blueberries under climate change.
The increased yield under warming treatments could be related to enhanced pollination. One of
the potential factors that influence the yield of wild blueberries is pollinators. The advanced onset of
flowering has a positive effect on yield, which may be strongly associated with bee pollination.
Pollination by native bees and honeybees is essential for fruit set and profitable yields of wild blueberries
(Asare et al., 2017). This might be due to the early onset of flowering attracting high densities of
bumblebees (Apidae) and other wild bees such as digger bees (Andrenidae), mason bees (Megachilidae),
and sweat bees (Halictidae) (Drummond and Rowland, 2020). Further research is needed to identify the
roles of bees in a warming environment.
However, the experimental artifacts need to be considered. As plants in heating chambers
flowered early, they were the only blueberries flowering in that period. Most of the pollinators were
attracted to them, therefore it greatly increases pollination success and fruit set. Future studies will need to
consider this effect.
Finally, this study found a positive linear relationship (P < 0.05, R2 = 0.35) between the
maximum CO2 assimilation per stem in 2019 and yield, while the data of maximum CO2 assimilation per
stem in 2020 had no significant relationship with yield. The results indicated that the yield in crop year
might be related to the carbohydrates produced in prune year (the vegetative growth year). Previous
research showed that the rhizomes of wild blueberries were an important reservoir of carbohydrates (Kaur
et al., 2012). As the plants enter dormancy at the end of the season, the roots begin to convert soluble
sugars into starch for the winter, and the following year, as the berries start to develop and the demand for
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photoassimilates increases, the dry weight of the roots decrease and the store photosynthetic products are
transferred to the berries or vegetative growth (Kaur et al., 2012). In the Arctic, for example, more than
80% of plant biomass was underground and the growing season lasts about 50% longer underground than
the upper ground vegetation (Werry et al., 2016). Extrapolating from the previous studies, the warming
may aid carbon synthesis and transfer in wild blueberries, and those sufficient resources may be stored as
starch in rhizomes, awaiting vegetative growth and fruit development the following spring. However,
further experiments are needed to examine how warming may alter carbon cycling and storage in the
roots of wild blueberries or whether warming affects root growth and nutrient uptake in autumn.
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5.6 Conclusions
This study provides valuable information for examining the various aspects of the wild
blueberries that were affected by climate warming, including morphology, physiology, phenology, and
fruit production. This study also illustrated how wild blueberries might respond to climate change in the
future in various ways. Overall, warming has significantly altered the environment, bringing relatively
lower soil moisture content and drier air. However, wild blueberries were capable of adjusting
appropriately by regulating stomata and shifting the leaf structure. They did not experience moderate or
severe water stress and were able to flexibly alter their physiology in response to warm and dry
conditions, a characteristic that could be indicative of temperature sensitivity and thermotolerance. The
early formation and ripening of fruits inevitably led to earlier harvest dates. Also, this study showed that
fruit quality remained approximately stable at higher temperatures, while fruit production, size, and
weight increased remarkably. There were many potential factors that could contribute to the significant
increase in fruit production, such as a longer growing season (delayed autumn events and earlier spring
events), a longer period of time for fruit to ripen, increased mean temperature thresholds to avoid frost
damage, and the extent of carbon assimilation in the vegetation during the growing season, all of which
demonstrated the benefits of warming on yield. Thus, wild blueberries are resilient to warming. However,
changes in morphology, physiology, and phenology in wild blueberries may not be conducive to greater
fluctuations in climate and may result in a greater degree of vulnerability and risk in the face of sudden
threats of low temperatures or drought.
For wild blueberry growers and the industry, the results of this study can facilitate and improve
the management of farms under climate change. Firstly, the extended growing season of wild blueberries
means that growers need to modify the schedule of pollination, fertilization, and pesticide application to
match the plant growth. For example, growers may have to rent beehives earlier for advanced springflowering events. They also have to plan earlier for the harvesting seasons. Secondly, wild blueberries
shift their physiological structure, physiological performance, and water use to cope with the moderate
drought caused by increased temperatures.
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Although warming is a major factor related to climate change that affects the development and
production of wild blueberries, other factors such as changes in water conditions, wind speed, snow
cover, elevated CO2 also influence the physiology and production of wild blueberries. Therefore, further
studies that include those other factors are needed. Future research could be further extended to include:
(1) Other aspects related to global climate change, combining one or more factors such as carbon dioxide
concentration, precipitation, snow cover, tropospheric ozone concentrations, soil evaporation, or light
intensity, etc. The frequency and intensity of extreme weather events will also need to be considered.
These can be explored in terms of the optimal temperature, the maximum temperature threshold, the
duration of thermotolerance, or the response to an extreme late frost event for wild blueberries; (2) More
leaf or rhizome anatomical studies to examine modifications of the leaf epidermis, or stomatal
morphology (e.g. stomatal shape). By uncovering the potential structural changes to the plant caused by
temperature, a better understanding of the shift in the physiological mechanism can be achieved,
therefore, a complete explanation can be made. Moreover, the data of chemical composition can also be
incorporated to provide a deeper understanding of the chemical and metabolic changes that occur in the
wild blueberries at higher temperatures; (3) Studies of plant-animal and plant-microbiome relationships.
This includes the effects of temperature on pollinators and their interactions, or the acclimation of
blueberries to the ecosystem, such as competition with other native or non-native species. In addition, the
overlapping flowering period may increase gene flow across latitudes within the species (Prevéy et al,
2017); (4) Studies of the carbon balance of whole plants. According to previous research, woody plants at
high latitudes had generally shown that carbon utilization varies between aboveground and root
developments. Warming may lead to an increase in the respiration rate of stems or leaves at night, which
increases carbon consumption and reduces the amount of carbon stored by the plant. Leaves may also
compete with reproductive tissues for limited carbon resources (Bajcz and Drummond, 2017). Some
woody species respond to freezing temperature by significantly increasing the rate of stem respiration, a
metabolic process associated with frost protection mechanisms (Sperling et al., 2015). Therefore,
fluctuation of temperatures in the growing environment may result in changes in the uptake, storage, and
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utilization of carbohydrates. Further studies of the carbon balance of wild blueberries will provide a better
understanding of its relationship to yield; (5) Measurements of winter dormancy of wild blueberries. It
has been suggested that ecological dormancy was a critical period for plants, facilitating to synchronize
plant growth in favorable environmental conditions. The plants that did not meet the chilling requirement
and dormancy would have disadvantageous effects in terms of growth or reproduction (Arora et al., 2000;
Yu et al., 2010). However, the results of this study did not support the previous study, and the shortening
of the dormant period did not seem to have a negative effect on the yield of wild blueberries. The
physiological mechanisms associated with the dormancy of wild blueberries under warming need further
studies.
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